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lll 
Abstract 
A second-generation design micropump was fabricated and tested. The overall size 
of the micropump is 70 mm x 35 mm x 1 mm. The design of the micropump incorporates 
three chambers (12 mm in diameter, 180 µm deep) with 50 µm thick membranes, inlet and 
outlet valves, and flow channels (2 mm x 1 mm x 180 µm deep) connecting the pump 
chambers. The micropump is constructed from a silicon wafer, which contains the pump 
chambers, and a glass wafer used to seal the chambers. Selective anodic bonding was 
employed to allow for free movement of the membranes and inlet and outlet valves. The 
inlet and outlet valves are comprised of silicon mesas at the center of each pump chamber 
that make contact with and seal inlet and outlet ports in the glass wafer. The inlet and outlet 
valves operate on a normally closed basis. Piezoelectric actuator disks provided movement 
for the micropump membranes. The three pump chambers were actuated in a peristaltic 
motion with driving frequencies ranging from 0.5 to 4 Hz and actuation voltages ranging 
from 10- 130 V. The design goal of 10 µL/min was met at driving frequencies of 2 and 4 
Hz where the maximum flowrate was 10.1 and 11.4 µL/min for the 2 and 4 Hz actuation 
frequencies respectively at an actuation voltage of 130 V. The maximum pressure achieved 
by the pump was 35.8 mmH20 for the 2 and 4 Hz actuation frequencies at an actuation 
voltage of 130 V. Recommendations for further design modifications and the development 
of design methodology have been presented. 
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Chapter 1. Introduction 
In this advanced age of medicine, people are living longer lives. As a result of larger 
numbers of people living longer lives, the need for increased medical technology is 
paramount. In most western countries, disease and ailments are treated with various drugs. 
These drugs may be administered in various forms, from pills to injections, to absorption 
through the skin. Several illnesses require frequent drug administration, often daily or even 
multiple times per day. Of these illnesses some of the more prominent are cancers, diabetes, 
and chronic pain suffered by the terminally ill, with as many as 70 million suffering from 
chronic pain, an additional 9 million suffering from cancer related pain, and nearly 17 million 
living with diabetes in the United States [l]. With Type I diabetes, the patient must measure 
blood sugar and administer insulin on a daily basis. 
The illnesses that require frequent drug administration in the form of injections pose 
many problems for the people who are inflicted. These problems include pain, potential to 
miss a treatment, incorrect dosage, and disruption of one's daily routine. One solution to the 
need for frequent and variable drug administration is an implantable drug delivery device. 
The obvious benefits of an implantable drug delivery device are less pain, less anxiety, and a 
lower likelihood of receiving an incorrect dosage. Other benefits include overcoming 
absorption barriers encountered by injections and protecting healthy tissue by eliminating 
peaks and troughs resulting from periodic dosing [2]. Localized dosage may also be 
achieved by placing the pump in close proximity to the location in the body where the drug is 
needed. Along with the physiological benefits of an implantable drug delivery device, 
additional psychological benefits may include ease of mind, increased self-confidence, and 
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improved self-image. An implantable drug delivery system can also avoid contamination 
and infection better than conventional injection methods such as intravenous or intramuscular 
injection. 
Past work in implantable drug delivery devices has been successful. Clinical trials of 
a pump manufactured by Medtronic, Inc. has proven very successful with less than 6% of the 
implantations unsuccessful in clinical trials. These trials include nearly 300 implantations 
and date back to March of 1987 [3]. Most of the devices in the past have been based on a 
constant flow of drug. Diabetics who are afflicted to such a degree that they must be 
administered insulin at constant rate need a small pump that can be used to administer small 
controlled amounts of insulin continuously. There is a need, however, for a device that can 
administer small amounts of drug at well-described and variable rates for such applications 
as pain relief for the terminally ill and for administration of chemotherapy drugs for cancer 
patients [ 4]. This type of drug delivery system would require extensive integration of the 
pump itself, electronics, and possibly even a drug reservoir which requires only infrequent 
filling. 
One of the major constraints for potential users of drug delivery pumps and systems is 
their prohibitive cost. Pumps in the past have been made using conventional assembly 
techniques, resulting in large systems which are rather expensive and not suitable for 
implantation in the human body [4]. One solution to the problems of high cost and system 
integration is the microelectromechanical systems (MEMS) approach. MEMS fabrication 
techniques offer a unique solution for implantable medical drug delivery systems that can 
relieve the pain associated with frequent injections and also deliver a localized dosage. The 
major advantage ofmicrofabricated drug delivery systems is the possibility of mass 
production at low cost [5]. Micromachining techniques have enabled small high-
performance devices with the advantages of high sensitivity, quick response; and small, 
precisely controlled flow. Also, these systems are small enough so that they may be placed 
very close to the point of use [6]. 
One of the earliest devices produced with MEMS technology, and one that still gains 
much attention, is the silicon-based micropump. Much research has been conducted on 
various designs incorporating both single and multiple pump chambers, various actuation 
methods, and many techniques for testing and characterizing the pumps. For as many pump 
designs that have been investigated, there are nearly as many intended purposes and 
applications. Highly miniaturized pumps and valves have received much attention in recent 
years [7]. 
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The goal of the research presented is to fabricate and characterize a novel micropump 
design for use in a drug delivery system. Li Cao [5] first developed the design in 2000. The 
pump was designed to exhibit reproducible and stable behavior with the desired 
characteristics of: 1) as small as possible to allow for implanting into the human body; 
2) enough displacement to satisfy a flowrate of 10 µL per minute; 3) moderate pressure 
generation to move fluid through the pump; 4) corrosion resistance; and 5) reliable for safe 
operation over an extended period of time [5]. 
Upon fabrication and subsequent testing of the first-generation pump, no pumping 
action or fluid movement was detected. In the research presented, the design and fabrication 
procedures were modified, and a second-generation pump was successfully fabricated and 
tested. The design of the control and testing systems are also presented. 
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Chapter 2. Design, Fabrication, and Challenges 
The micropump style selected for this research is a membrane type pump with 
peristaltic operation achieved through piezoelectric actuation. This chapter will go into detail 
on the design and fabrication of the micropump and the challenges faced with the initial 
design. 
2.1 First-generation Design 
The research detailed in this thesis is based upon a peristaltic micropump design 
originally developed by Li Cao [8]. Figure 2.1 shows a detailed cross-sectional view of the 
first-generation micropump design. 
500 J.lm 
550J.lm 
Electrodes 
Pyrex Glass 
SiO:;i Spacer 
Si Valve 
Si M em br11ne 
Gold Layer 
PZT Actuator 
Figure 2.1. Cross-section of the first-generation design [8]. 
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The pump operates on a normally closed valve, which consists of a silicon mesa 
located at the center of each chamber, and makes intimate contact with the glass cover wafer. 
Three chambers are etched into the top surface of the silicon wafer, connected by a narrow 
channel. Directly opposite the chambers, three circular features are etched to create a silicon 
membrane and provide an attachment point for piezoelectric actuating disks (lead zirconate 
titanate (PZT)). Poor tribological properties of silicon materials result in severe :friction and 
wear in silicon parts moving in intimate contact. To avoid sliding surfaces, the membrane 
design was proposed. 
Each pump chamber membrane is actuated independently by the respective 
piezoelectric disk. As the membrane is deflected an amount of fluid flows from the inlet to 
the pump chamber. The membrane is then released and tends to return to its equilibrium 
position, rejecting the fluid. All chambers have the same period of actuation time with a 
half-period offset between each chamber. The pump chamber actuation has the following 
timing: chamber one opens (Figure 2.2a); after one-half of the chamber one actuation time, 
chamber two opens (Figure 2.2b) and after one full period of chamber one actuation time, 
chamber one closes and chamber three opens (Figure 2.2c ), after one a one half actuation 
periods, chamber two closes (Figure 2.2d) then after three full actuation periods, chamber 
three closes forcing fluid out of the outlet and completing one cycle (Figure 2.2e). Upon the 
closing of chamber three, chamber one opens again beginning a new cycle. This cycle is 
continuously repeated giving a peristaltic-type motion. 
a. 
b. 
C. 
d. 
i 
e. 
Figure 2.2. Schematic showing the micropump chamber actuation order for one full cycle. 
2.2 First-Generation Fabrication 
The first-generation micropump was fabricated on a double-side polished 100 mm 
diameter standard silicon wafer with <100> orientation. The following steps were used in 
the fabrication process: 
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1. Standard Clean (RCA) - Initial wafer shown in Figure 2.3a 
2. Deposit 1 µm Si02 on the front side of the wafer using plasma enhanced chemical 
vapor deposition (PECVD) (Figure 2.3b) 
3. STS Reactive Ion Etch (STS 320 RIB) the Si02 film on the front side for 35 
minutes, creating valve seat pattern (Figure 2.3c) 
4. Deep reactive ion etch (DRIB) silicon wafer 60 minutes to form a 180 µm deep 
pump chamber and 2 mm x 1 mm x 180 µm flow microchannels (Figure 2.3d) 
5. DRIB backside of silicon wafer 107 minutes to form a 320 µm deep cavity for the 
actuator disks (Figure 2.3e) 
6. Anodic bond glass cover wafer and silicon wafer using 1 OOOV and 450°C to form 
and seal pump chambers (Figure 2.3f) 
7. Evaporate 0.18 µm layer of titanium and lµm gold layer on backside of silicon 
wafer to form positive electrode (titanium acts as a seed layer to ensure adhesion 
of the gold) (Figure 2.3 g) 
8. Manually attach piezoelectric actuator disks (12 mm diameter, 410 µm thick) and 
wires to the actuator disks using a silver conductive epoxy (Circuit Works 
CW2400)(Figure 2.3h) 
9. Attach fluid system connector to the glass wafer using high strength epoxy (3M 
DP-100 Plus)(Figure 2.3i) 
a. 
b. g. 
C. h. 
d. 
i. 
e. 
Figure 2.3. Schematic diagram of the steps in the first-generation fabrication process. 
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Detailed fabrication procedures ·for the first-generation micropurnp are included as an 
appendix in a doctoral dissertation by Li Cao [8]. 
2.3 Challenges 
Upon testing it was determined that the micropump membranes were not deflecting 
under the piezoelectric disk actuation. To investigate, the pump was sectioned to allow a 
view of the cross section of the pump chambers. Figure 2.4 shows part of the chamber cross-
section. Albaugh [9] reports that seals of glass to metal or silicon form when the metal or 
silicon surface is oxidized into the glass. For the first-generation micropurnp design, a 
silicon mesa and silicon dioxide layer at the center of the membrane provides a normally 
closed valve. In the original design, the layer of silicon dioxide on the top of the mesa serves 
to make intimate contact with the glass providing a tight seal. After observing the chamber 
cross-section under a microscope, it was determined that bonding had occurred between the 
glass wafer and the mesa at the center of the pump membrane. 
Figure 2.4. Cross-section of the pump chamber showing bonding between the silicon mesa and glass. 
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The dark area (Figure 2.4) at the interface shows interference and provides proof that 
the glass has bonded to the silicon mesa and, in effect, the center of the membrane. A visible 
depletion line runs from the interface of the silicon mesa and glass wafer to the top glass 
surface. This line is most likely caused by changes in the glass composition after bonding to 
the silicon mesa. It is speculated that this line defines the oxygen (and sodium) depleted 
region caused by the anodic bond. A bond in this region is undesirable, as it does not allow 
the membrane to move. 
2.4 Summary 
A first-generation micropump was designed and fabricated. The pump was designed 
for peristaltic actuation provided by piezoelectric actuator disks. Problems were encountered 
with the silicon mesa in the three pump chambers bonding to the glass wafer. This bond was 
caused by the silicon dioxide layer on the tops of the silicon mesas. Bonding of silicon to 
glass occurs through the formation of silicon dioxide at the interface. The presence of 
deposited silicon dioxide on the mesas acted as a glue of sorts, creating a permanent bond 
between the silicon mesas and glass wafer. To remedy this problem, a selective bonding 
technique is required. 
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Chapter 3. Selective Anodic Bonding 
Anodic bonding is used to join two wafers forming closed pump chambers. In this 
chapter anodic bonding will be discussed. A selective anodic bonding technique used to 
successfully fabricate a second-generation micropump will be presented and the details of the 
fabrication of the second-generation micropump will be discussed. 
3 .1 Anodic Bonding 
Anodic bonding in general and selective anodic bonding specifically make the 
micropump operation possible and are central to a large portion of the research performed on 
the micropump project. Therefore, a considerable amount of time will be given to the 
discussion of anodic bonding. 
Anodic bonding is a method of permanently joining glass to silicon without the use of 
adhesives. The technique involves bonding silicon wafers to sodium containing glass wafers 
at elevated temperature under the influence of an applied electric field. Anodic bonding is 
also known as electrostatic bonding or the Mallory Process. 
For the glass used, three basic criteria must be met: The glass used must be 
electrically conductive, have a thermal expansion coefficient close to that of silicon, and 
sodium and oxygen must be present in the form of mobile ions. For silicon/glass bonding, a 
low-expansion borosilicate glass is necessary. Pyrex glass (Coming 7740) and Schott 8248 
glasses have been used, although Coming 7070 is the best glass for anodic bonding because 
its thermal expansion most closely matches silicon in the normal bonding temperature range 
[10]. The anodic bonding technique, in its simplest definition, is a field-assisted thermal 
process used to join silicon and glass substrates. 
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Anodic bonding was pioneered by Wallis and Pomerantz in 1969 and since that time 
has been used in the encapsulation of sensors and various other devices [ 11]. Anodic 
bonding of Si to glass is a widely used process in the fabrication of MEMS structures [12], 
microelectronics, and microengineering in general. Some of the most widely used 
applications include the fabrication of pressure sensors, accelerometers, micropumps, and 
other fluid-handling devices; virtually any device that requires sealing of three-dimensional 
components. The anodic bonding process is also used for first order packaging of silicon 
microstructures. Within MEMS, anodic bonding finds many applications in areas such as 
fluidics. A transparent glass cover wafer provides a means to observe fluid movement in 
micro channels, etched cavities, and in micropumps. Another application of anodic bonding 
is in structural layers for multi-level devices. Similar to the bonding process described 
above, multiple metal/glass/silicon layers may be bonded, creating multilevel devices much 
the same as modem microchips incorporate many device and contact layers. 
Anodic bonding has several advantages which make it a viable method for creating 
MEMS devices. First of all, anodic bonding demands a relatively low process temperature; 
well below the temperature at which the materials involved soften or melt. This gives more 
design flexibility, allowing for incorporation of other materials and systems. One of the 
major obstacles in many other types of bonding is the stringent requirement on wafer surface 
quality as in silicon/silicon fusion bonding. This is not the case with anodic bonding where 
the requirements for surface quality are not as great because the electrostatic field generates a 
high clamping force and surface irregularities, such as wafer warp and particle 
contamination, can be overcome. The materials that may be used in anodic bonding are also 
advantageous. In most cases silicon is the material bonded to the glass, although a bond may 
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be established between a sodium-rich glass and virtually any metal. Since the glass and 
silicon remain rigid during the bonding process, it is possible to preserve etched features in 
either substrate. Because the materials are thermally matched, stress-free bonds with stable 
mechanical dimensions are created. Also, no measurable flow of the glass occurs upon 
heating, enabling sealing around previously machined features. The bond created by anodic 
bonding forms a hermetic seal between the pieces being joined, and the bond strength 
exceeds the strength of the individual materials [10]. Transparency of the glass layer also 
provides a benefit in that accurate alignment of pre-patterned wafers is possible, as well as 
the ability to view the inside of micro-fluidic devices. Finally, the distinct advantage of 
multiple-layer devices makes anodic bonding an attractive method for device fabrication. 
3.1.1 Anodic Bonding Mechanism 
The mechanism of anodic bonding involves the movement of mobile ions present in 
the glass to oxidize the silicon when subjected to high temperature and applied electric field. 
The top glass wafer floats on the other owing to the presence of a thin layer of air between 
the two wafers. The silicon and glass wafers are heated to a high temperature, typically in 
the range of 300-600 °C. At this elevated temperature the glass becomes a conductive solid 
electrolyte in which the alkali-metal ions (positively charged sodium) become mobile. At 
this point the wafers are in contact, and a high voltage in the range of 200-1000 V is applied 
to the wafer set. 
The high voltage causes the positively-charged sodium ions to migrate towards the 
cathode, which is at the exposed side of the glass wafer and away from the glass/silicon 
interface (Figure 3 .1 ). 
Cathode 
Anode 
oNa+ 
0 
13 
Glass 
Figure 3.1. Sodium ions migrate away from the glass/silicon interface upon application of high 
voltage. 
As the sodium migrates, it leaves a space charge region or depletion layer at the 
interface with high electric field strength. The resulting electrostatic attraction brings the 
silicon and glass into intimate contact (Figure 3.2). 
Space Charge 
Region 
Glass 
Figure 3.2. Migrating sodium ions create a space charge layer at the silicon/glass interface. 
This space charge region is, in effect, a condenser; and the electrostatic attraction force 
between the two wafers may be estimated as follows: When the wafers experience a change 
in separation, LJd, a change in the field energy, 11U field , is given by: 
1 2 11C 11U field = -V -!:id 
2 !:id 
(3.1) 
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Where Vis the applied potential difference across the condenser, Q is the charge across the 
condenser, and 11C is the change in capacity of the condenser. In order to maintain the 
potential across the wafers, an external potential source must do an amount of work: 
(3.2) 
The mechanical work done is given by: 
11U mech = Fl1d (3.3) 
And conservation of energy states that: 
11 U mech + /1 U elect = /1 U field (3.4) 
Substitution of Equations (3.1) - (3.3) yields: 
F _ 1vz11C --- -
2 11d 
(3.5) 
Assuming parallelism and planarity, the capacitance of the two wafers separated by the 
distance Lld in vacuum is given by: 
(3.6) 
wh1~re A is the contact area of the wafers and co is the permittivity of free space. The pressure 
pushing the wafers together is then given by combining Equations (3.5) and (3.6) [13]: 
(3.7) 
Further current flow causes the oxygen anions to migrate to the interface where they 
combine with the silicon, forming silicon dioxide. The elevated temperature results in 
covalent bonds forming between the surface atoms of the silicon and glass, causing a 
permanent chemical bond (Figure 3.3). 
Si02 
Bond 
Figure 3.3. Oxygen anions migrate towards the interface forming silicon dioxide. 
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The bond begins at the center of the wafer stack and progresses outward from the center with 
a distinct, observable bond front. The bond front is shown in Figure 3.4. 
Figure 3 .4. Picture showing the bond front present in anodic bonding. 
The mechanism by which the bond front spreads is explained as follows: Upon application 
of a voltage, a thin layer of glass at the point of contact with the silicon becomes polarized by 
the depletion of positive ions. Where the glass is not in physical contact (gaps between 
interference fringes), less polarization takes place and most of the voltage is supported by the 
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gap between the glass and silicon. The resulting electric field in the gap is largest where the 
gap is narrowest (around the periphery of the contact). Since the closing pressure between 
the glass and silicon is proportional to the square of the electric field, the region next to the 
contact point will be the next to make contact. This region will, in turn, polarize and its 
perimeter will become the region of maximum electric field. In this way the contacted area 
spreads outward from the point of initial contact [ 11]. 
In many instances, after the initial bond begins, bond fronts nucleate at locations on 
the wafer other than the electrode point contact due to hard contact of the two wafers at the 
interference fringes. If more than one location on the mating pair is initiated to bond 
simultaneously, corresponding bond waves are generated, merge, and can result in trapped 
air bubbles at the bonding interface. Noticeable interference fringes are visible through the 
top glass wafer and show the degree to which the wafers are making contact. As observed by 
Wallis and Pomerantz, the fringes are evidence of a narrow air gap between the silicon and 
glass surfaces; and upon application of a voltage, the fringes move outward from the initial 
point of contact. In their place, a grayish area forms [11]. Interference fringes showing the 
unbonded area and the darker bonded area described are evident in Figure 3.5. 
Figure 3.5. Picture showing interference fringes (unbonded area) and dark region in center (bonded 
area). Unbonded bubbles are also present and may be caused by foreign particles. 
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To avoid trapped air bubbles, it is important for the bonding wave to start only at 
desired locations [14]. For small bonding areas, it is usually sufficient to make electrical 
contact to the glass using point contact. A point contact causes the anodic bonding front to 
sprnad radially outward from a spot under the point cathode. This radial bond progression is 
advantageous in that it ideally prevents air from being trapped during the bonding process. 
The radial velocity of the bond can be estimated from an electrically equivalent circuit shown 
in Figure 3.6. 
Glass 
Metal 
Figure 3.6. Equivalent circuit for anodic bonding with a point cathode. 
The RC time constant for a given circumferential strip with a width equal to the glass 
thickness is given by: 
(3.8) 
where pis the resistivity of the glass, a is the radius of the cathode, RF is the radius of the 
circumferential strip, and C is the capacitance per unit area of the silicon/glass interface. The 
propagation velocity is found by differentiating with respect to 't'Rc: 
dRF 1 =-------
dt pC(l + ln(RF I a)) 
(3.9) 
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The velocity of the bonding front decreases as the resistivity and the front radius increase 
(13]. 
When larger areas are bonded, a variety of contact methods may be used. Flat glass 
wafors may be contacted by metal plates (in place of the point cathode) which do not bond to 
the glass because their polarity is not conducive to bond formation. Contact with cylindrical 
glass tubes can be made using wrapped-around wires, and irregular glass parts may be 
painted with metallic pastes to serve as an electrode [ 11]. 
3.1.2 UnbondedArea 
One of the major challenges in anodic bonding derives from the necessity of 
cleanliness of the bonding environment and the wafers themselves. One of the most common 
problems associated with anodic bonding is the occurrence ofunbonded interface areas, 
which are frequently termed interface bubbles or voids. The causes of the bubbles formed 
during bonding include: 1) particles on the bonding surfaces; 2) localized surface protrusions; 
3) localized absence of sufficient density of bonding species; and 4) trapped air pockets [ 14]. 
Trapped particles allow interface bubbles, consisting of trapped gasses, to form by providing 
a nucleus. The main constituent of the bubbles is hydrogen gas. Hydrogen molecules diffuse 
along the bonding interface until they locate a cavity or form a bubble around a suitable 
nucleus, instead of diffusing into the silicon, as long as the temperature is below 500°C. 
These bubbles increase in size when the inner pressure of the gas at the interface becomes 
sufliciently high to debond the bonding interface. 
During bonding, wafers are deformed around particles on bonding surfaces, leaving 
circularly unbonded interface areas or bubbles. The unbonded interface areas and bubbles 
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are related to particle size. In Figure 3.7 below the particle size, 2h, is much smaller than the 
combined wafer thickness. The radius, R, of the resulting unbonded circular area is much 
larger than the combined wafer thickness. Assuming that the particle is incompressible, the 
simple theory of small elastic deflection can be used to arrive at the approximate expression: 
(3.10) 
where y is the surface energy of the wafer pair and E' is the equivalent Young's Modulus 
(E' = E/(1-v2 ) ), E and u being the Young's Modulus and Poisson Ratio of the wafers, 
respectively [14-16]. 
tw1 
tw2 
Figure 3. 7. Schematic of a particle leading to an unbonded area with radius, R, larger than the wafer 
thickness. 
Unbonded areas resulting even from small particles are fairly large relative to the 
particle size. Tong and Gosele state that a particle of about 1 µm diameter leads to an 
unbonded area with a diameter of about 0.5 cm for typical 4 inch diameter wafers with 
thickness of 525 µm [14]. A reduction in the wafer thickness does lead to a strong reduction 
in the size of the unbonded area. A reduction in the particle size also proves to reduce the 
size of the unbonded area. Using the development of Tong and Gosele, applied to a wafer 
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pair of different materials and thickness, R calculated by Equation (3 .11) leads to values 
below a critical value, Rcrit = tw1 + tw2 , corresponding to a particle size h < hcrit, where: 
(3.11) 
an elastomechanical instability will occur, leading to an unbonded area with a much smaller 
radius as shown in Figure 3.8. 
Figure 3.8. Schematic of a smaller particle leading to an unbonded area with radius smaller than the 
wafer thickness. 
Figure 3.9 shows the behavior of the unbonded areas created by foreign particles, with the 
unbonded radius plotted as a function of particle size for typical 4 inch wafers at room 
temperature bonding. 
)(¥)() '"'"''''''''''''''''''''"''''"'"'''''"'''''''''"''''''''''''''''' 
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Figure 3.9. Radius ofunbonded area around a particle as a function of particle height [14]. 
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3.1.3 Bonding Time 
Bonding time depends on particle size and the interface of the bonded pair is 
extremely sensitive to particulates on the mating surfaces. Thus, it is necessary that bonding 
occur in a clean environment to prevent the cleaned surfaced from being recontaminated 
during the bonding process. Anthony [ 13] provides an excellent argument for the use of a 
clean environment. 
Surface conformation is provided by elastic or plastic deformation of one or more of 
the wafer surfaces. The most likely surface conformation model is Newtonian viscous flow. 
The strain rate associated with a varying surface separation is: 
d& dlnH a = = 
dt dt 37] 
(3.12) 
where His the surface separation (Figure 3 .10), <J is the stress on the particle, and 17 is the 
viscosity of the particle. In the case of a hard particle, 17 is the viscosity of the wafer least 
resistant to viscous flow. 
Figure 3 .10. Particle of radius L and height H between two wafer surfaces. 
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The: stress on the particle is then given by: 
s v2 
O' = 0 
2Nm}H 2 
(3.13) 
where N is the density of particles per unit area, L is the radius of the particle, Vis the 
potential applied across the two surfaces, and ca is the permittivity of free space. 
Equations (3.12) and (3.13) are combined and integrated with respect to time to give the 
time, tN, required to bond the two wafers: 
(3.14) 
If the particles are equiaxed, H = 2L and the time required for bonding the wafers 
increases as the fourth power of the particle size. As an example, a 1 µm particle with 106 
particles per square meter (approximate dust count of ordinary room air) separating Pyrex 
glass and silicon wafers at 450°C with an applied voltage of 300V will have a bonding time 
of 2,400 seconds [ 13]. This example shows the importance of controlling particles and 
particle size in the bonding environment. A cleanroom environment is beneficial, if not 
crucial, to good bond formation. 
It is natural to use the standard cleanroom used in semiconductor manufacturing. 
However, it was found that even in an advanced Class 1 (35 0.5 µm particles per cubic 
meter) cleanroom, some bonded wafer pairs contained particulate bubbles [14, 17]. Because 
of this, an ever cleaner environment is required to enhance bonding success. Wafer bonding 
should be performed inside of a standard cleanroom and, if possible, in a micro-cleanroom 
environment. A micro-cleanroom was developed by researchers at Duke University 
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consisting of a modified spin/rinse/dryer and is based on the premise that cleanliness between 
the two mating surfaces is of primary importance. 
In this system, the wafers are placed into the bonding chamber inside of a transparent 
cover and separated by approximately 1.5 mm with spacers. The wafers are flushed with 
deionized water and spin dried. The centrifugal drag forces acting on the particles from the 
streaming water detach the loosely adhering particles from the surfaces. The cover prevents 
particulate redeposition after the drying process. The spacers are removed, and the bond is 
made. In this way bubble-free bonds may be realized in or outside of the typical cleamoom 
[14, 17]. 
3.1.4 Wafer Surface Roughness and Cavities 
Wafer surface roughness and cavities are also a concern, especially when bonding 
occurs in atmospheric conditions where no pressure is exerted on the wafer stack by a 
vacuum, as in bonding with commercial equipment. The electrostatic pressure drawing the 
wafers together is greatly affected by the surface roughness and planarity of the wafer 
surfaces, and bonding does not work if the surface roughness is more than a few microns 
[ 13]. Surface roughness is a macroscopic measure of the deviation of one surface of a wafer 
from a reference plane when the backside of the wafer is ideally flat [14, 18]. During 
bonding, each wafer of the bonding pair is elastically deformed to achieve conformity of the 
two surfaces [14, 19]. The surface roughness nonuniformity of wafers in the bonding pair 
can result in periodic strain patterns corresponding to typical spatial frequencies of a bonded 
pair. However, if the surface roughness nonuniformity is sufficiently large, unbonded areas 
may occur [14]. 
24 
Assuming that gaps between wafer pairs caused by surface roughness nonuniformity 
have lateral extension, R, that is much larger than their gap height, h, the condition for gap 
closing depends on the ratio of the lateral extension to the combined wafer thickness. The 
conditions for lateral extension, R, larger than two times the combined wafer thickness and 
less than two times the combined wafer thickness are shown schematically in Figure 3.11. 
tw1 
Figure 3.11. Schematic of gaps between wafers for R>2tw (top) and R<2tw (bottom) 
In the case of anodic bonding, two dissimilar materials are joined and therefore lead 
to different relations between gap closing and the wafer properties. For wafers of different 
thickness and different Young's moduli, the following relations apply: For R greater than 
twice the wafer thickness, the condition for gap closure is given by: 
R2 
h < ----;:::======= (3.15) 
For R less than twice the wafer thickness, the condition for gap closure is independent of 
wafer thickness and is given by: 
h < 3.5 (Ry/2),Yi (-1 +-1 J,Yi 
E' E' 1 2 
1 and r = for the case of bonding two dissimilar wafers. 
2 Cr1 + rJ 
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(3.16) 
In practice, surface roughness variations of 1-3 µm over a 4 inch wafer poses no 
obstacle for bonding because the deformation of the wafer pair can accommodate this scale 
of surface waviness. Bow and warp age of wafers up to approximately 25 µmare also 
tolerable [14]. 
If the silicon substrate to be bonded to the glass has significant surface irregularities 
or cavities, bonding should be performed at higher temperatures. If the glass viscosity is on 
the order of 1010 poise (at 565°C for Coming 7070), significant plastic deformation can take 
place during bonding. Bonding should normally be performed in the range of 500 to 600°C 
for irregularly surfaced devices [10]. 
An alternative to direct bonding of the silicon and glass wafers is to use an 
intermediate bonding layer which acts to compensate for surface irregularities. For bonding 
glass with silicon, the primary reason for using an intermediate bonding layer is because of 
the unstable surface of the glass. For anodic bonding, the intermediate layer of choice is 
sih;;on dioxide. Because of its chemical similarity to thermal silicon dioxide, chemical vapor 
deposition (CVD) silicon dioxide is a desirable bonding layer for materials whose surfaces 
are not favorable for bonding. Additionally, CVD oxide used as an intermediate bonding 
layer has been reported for silicon/glass bonding [14, 20]. 
Repeatability is also a concern in the anodic bonding of silicon and glass wafers. 
Without precise control of process parameters, bond formation will vary, creating a non-
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standard process for joining two or more substrates. This may pose a problem, especially for 
large quantities of devices built for mass production in a commercial environment. 
3.1. 5 Bonding Stress Distribution 
Another concern is in the thermal mismatch of bonded materials and the stresses that 
are induced. Different materials have different thermal expansion coefficients, which may 
lead to warpage, alignment problems, or separation when one material heats or cools at a 
much different rate than the other. When bonding dissimilar materials, as is the case in 
anodic bonding, we assume that the difference in thermal expansion coefficient is 
independent of temperature and is given by: 
(3.17) 
It is also assumed that no bubbles, debonding, sliding, or structural changes occur during 
temperature changes. The bonding pair (Figure 3.12) has the following properties: Young's 
modulus of E, wafer thickness tw, Poisson ratio v, and radius R. 
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Figure 3.12. Schematic of the dissimilar material bonding structure used for stress analysis. 
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The normal stresses (tension and compression parallel to the interface) are maximum 
on the interface, and their lateral distributions at the interface of wafer 1 and wafer 2 are then 
given by: 
11a11T [ 3t D ] 11 E ] ] 0"1 (x) = 1 +-w_I ~-exp -K(R-x) 
A twl twlD 
(3.18) 
o-2 ( x) = 1 + w 2 ~ - exp - K ( R - x) 11al1T [ 3t D ] 11 E ] ] 
A tw2 tw2D 
(3.19) 
where x is the distance from the center at the interface, the plus sign is used for tensile stress, 
and the minus sign is used for compressive stresses, L1 T is the temperature change, and tw = 
tw1 + tw2, and: 
(3.20) 
(3.21) 
(3.22) 
(3.23) 
(3.24) 
Equations (3 .18) and (3 .19) for the normal stresses show that the normal stresses drop 
rapidly at the edges of the bonded wafers [14, 20]. The vertical distribution of the normal 
strnsses within the two wafers at their centers can be expressed as: 
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(3.25) 
(3.26) 
where y is the distance from the bond interface of the bonded wafers and is positive for wafer 
1 and negative for wafer 2, and p is the radius of curvature of the bonded pair. 
For the bonded pair, we get: 
£ = lwfl 0-12 (y) d + OJ 0-; (y) d 
ez 2E' y 2E' y 
0 I -tw2 2 
(3.27) 
which is the elastic biaxial strain energy. If this value is larger than the bonding energy 2y, 
interface sliding or even complete separation may occur [14, 21]. In addition to the normal 
stre:sses, shear stresses and peeling stresses vertical to the bonding interface may also be 
present. The shear and peeling stresses are concentrated at the edges of the bonded pair and 
vary exponentially along the interface from the center of the wafers to the edges. The shear 
stress at the bonding interface can be expressed as: 
11a11TK r ] r = expL-K(R-x) 
A 
and the peeling stress is given by: 
K2 
p = 1!___11al1T exp[-K(R-x)] 
A 
where: 
1 E1t!if w2 (1- u;) - E2t!2tw1 (1- v12 ) 
µ=2 E1 t!1 (1-u;)+E2 t~2 (1-u12 ) 
(3.28) 
(3.29) 
(3.30) 
Peeling stresses are responsible for initiating debonding of the wafer pair. From Equation 
(3.30), it can be seen that if: 
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(3.31) 
then the peeling stress is zero at any temperature. This can be used to reduce bonding 
problems in bonding dissimilar materials provided that the wafer thickness ratio of the wafers 
to be bonded can be selected based on Equation (3 .31) [ 14, 21]. 
Finally, previous processing steps or structures built on the wafers pose potential 
problems in anodic bonding. In the field of MEMS, anodic bonding is rarely used to join 
plain wafers. In most cases, bonding of patterned or otherwise structured wafers is essential. 
For bonding structured wafers, a sufficient surface density of bonding species and an 
adequate smoothness of the bonding surfaces are mandatory [ 14]. Gases that become trapped 
in machined cavities or the cavities themselves may prevent an even bond from being formed 
ove:r the entire bond surface. Because patterns and cavities in mating wafers can be viewed 
as surface roughness and flatness variations, the equations for gap closing presented earlier 
serve as guidelines for design of patterned features to ensure or avoid gap closure. For 
MEMS devices, the formation of sealed cavities is frequently required. In most instances, 
gap closure for MEMS applications is undesirable; therefore, Equations (3 .15) and (3 .16) can 
be used to design cavities which are to remain open during the bonding process. The major 
challenges for bonding of a processed wafer to a different substrate are: 1) preparing 
bondable surfaces, 2) reducing thermal stresses in the bonded pair, 3) limiting annealing 
temperatures [ 14]. 
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3 .2 Bonding Equipment 
Equipment for anodic bonding falls into two distinct categories: commercial 
equipment and simpler homemade equipment. Each type of equipment has its own place in 
MEMS fabrication along with their individual advantages and disadvantages. For the initial 
first-generation micropump fabrication, a commercial-type bonder (Suss SB6) was used to 
anodically bond the glass wafer to the silicon substrate. Commercial bonding equipment is 
generally used for large production or where alignment of the silicon and glass substrates is 
required. 
Homemade equipment was the first type of equipment used for anodic bonding. In its 
simplest form, the equipment consists of a hot plate, power supply, and electrodes 
(Figure 3.13). 
Figure 3.13. Anodic bonding setup consisting of a high-voltage power supply, hot plate, and 
electrodes. 
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In a typical homemade anodic bonding setup, silicon and glass wafers are placed on a 
hot plate with the silicon wafer beneath the glass wafer. The hot plate surface may be used 
as an electrode, although in most instances, a conductive plate or series of contacts serve as 
the electrode, protecting the hot plate from the high applied voltage. A top electrode is 
applied to the glass wafer in the form of point contact. The hot plate is heated to the desired 
bonding temperature, and when this temperature is reached, the potential is applied across the 
silicon/glass wafer stack. The glass wafer is held at a negative bias with respect to the 
electrically grounded silicon. When the voltage is applied, the current flowing through the 
wafer stack rises steadily until reaching a maximum point. This maximum point is 
maintained, possibly decreasing slightly, as the bond begins to form. As the bond progresses, 
the current drops off steadily. Once the current level has reached 10 percent of the maximum 
current value, the bond is completed. This type of bonding setup normally is used in 
atmospheric conditions with no external pressure applied to the wafers. 
Commercial equipment has the advantage of providing a clean environment, the 
ability to perform bonding at atmospheric or vacuum conditions, the option for substrate 
alignment, and the ability to produce multiple bond types. The converse to this is that 
commercial equipment is very expensive, costing in the range of $50-100,000 for a standard 
setup. Also, once the wafer pair has entered the bonding chamber, the user is unable to 
obs1erve the bonding process. 
Homemade equipment, on the other hand, is relatively inexpensive and a basic setup 
may be created for less than $5,000. The user is also able to observe the bond front and 
make corrections to the setup as necessary. Homemade equipment has disadvantages in that 
process parameters are not easily controlled, and there is no option of vacuum. Because of 
this, wafer surface conditions are more of a concern than in commercial equipment. 
An anodic bonding setup (see Figure 3.13) was created for use in fabricating the 
micropump. The anodic bonding setup consisted of a hot plate (Thermolyne Cimarec 2), 
5 kV power supply, digital thermometer (Fluke 2168A), aluminum plate (anode), and 
almninum point electrode. 
3.3 Selective Anodic Bonding 
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For some applications, it is desirable to bond only select areas of the wafer surfaces. 
This technique, known as selective anodic bonding, is most prevalent in MEMS for use with 
varilous moveable devices. Selective anodic bond works in the same way as conventional 
anodic bonding with the exception of an anti-bonding layer that is used to retard bonding in 
desired areas. It has been reported in literature that when chromium patterns are present on a 
wafer surface, bond formation between glass and silicon is prevented while bonding occurs 
everywhere else on the wafer pair [ 10, 22]. In their experiment, Veenstra, et al. patterned a 
Pyrex wafer with 5 nm of chromium. After bonding this wafer to a silicon wafer, they 
observed that the wafers were bonded except in the areas where chromium was present. The 
experiment was repeated with aluminum and platinum layers of 25 nm. Platinum was shown 
to also prevent bond formation between the silicon and glass. However, the area coated with 
aluminum bonded perfectly to the silicon [12]. 
As a result of their experiments, Veenstra, et al. proposed the following mechanism 
for selective anodic bonding. The intermediate conducting layer (anti-bonding layer) causes 
the electric field between the wafers to disappear as soon as contact is made. In the absence 
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of the electric field, oxygen ions cannot migrate from the glass to the silicon to form silicon 
dioxide as shown in Figure 3.14 below. 
Figure 3.14. Diagram showing the inability of oxygen ions to migrate through the intermediate anti-
bonding layer. 
If there is no intimate contact between the silicon and glass wafers when oxidation of 
the silicon occurs, no bond will be formed. If the wafers are not in contact, the migrating 
oxygen ions will either interact with the anti-bonding layer, thereby oxidizing it, or form 
oxygen gas. With the use of chromium and aluminum as intermediate layers, both materials 
are oxidized by the migrating oxygen ions in the bonding process. The reason that aluminum 
bonds and chromium does not is that the aluminum oxide is non conductive, while the 
chromium oxide is conductive. Platinum, on the other hand, does not form an oxide upon 
interaction with the migrating oxygen ions and remains conductive throughout the anodic 
bonding process. Chromium is desirable as a selective bonding material, not only because it 
does not bond to glass, but because of its low cost and high resistance to chemicals and 
conosion [23]. Both platinum and chromium are biocompatible due to their high resistance 
to chemicals and oxidation. Chromium has found uses in biomedical applications such as 
joint replacements. Table 3.1 below shows a comparison of chromium, platinum, and 
aluminum from the perspective of use in anodic bonding and their biocompatibility. 
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Table 3.1. Comparison of Cr, Pt, and Al as selective anodic bonding layers 
I Type of Oxide I Anti-Bonding I Metal Formed Layer Biocompatible 
Cr Conductive Yes High 
Pt No Oxide Formed Yes High 
Al Nonconductive No Low 
3.4 Second-Generation Design 
After the first fabrication run of the first-generation design, it was determined that the 
silicon dioxide on the top of the silicon mesas was bonded to the glass wafer. Because of 
this, the membranes were constrained from moving, and no deflection was observed. As a 
result, the pump chambers were sealed, and no fluid was allowed to enter. In this state the 
pump was not operational. 
A second-generation design was developed. This new design was a slight 
modification of the first-generation design. To start, the silicon dioxide spacer was removed 
to ensure that the silicon mesa was not being pushed into the glass wafer during bonding. 
The: most crucial modification in the second-generation micropump design was the use of 
selective anodic bonding. According to Veenstra, et al., a thin layer of chromium will 
prevent silicon from bonding to glass [12]. To selectively bond the areas around the 
perimeter of the pump chambers exclusively, a chromium layer of approximately 20 nm was 
deposited on the top of the silicon mesas. This method proved to successfully prevent the 
mesas (membranes) from bonding to the glass wafer, allowing for free movement of the 
membranes. Figure 3.15 shows a cross-section of the second-generation design. 
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Figure 3 .15. Cross-section of the second-generation design. 
The overall dimensions and operation of the second-generation micropump are 
essentially the same as those of the first-generation micropump. 
3.5 Second-Generation Fabrication 
As with the first-generation fabrication, the second-generation micropump was 
fabricated on a double-side polished, 100 mm diameter standard silicon wafer with <100> 
orientation. The following steps were used in the fabrication process: 
1. Standard Clean (RCA)-Initial wafer shown in Figure 3.16a 
2. Deep reactive ion etch (DRIB) silicon wafer 60 minutes to form a 180 µm deep 
pump chamber and 2 mm x 1mmx180 µm flow microchannels (Figure 3.16b) 
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3. Evaporate a 20 nm thick chromium layer to function as a selective bonding layer 
(Figure 3.16c) 
4. Pattern the chromium layer (Figure 3.16d) 
5. DRIB backside of silicon wafer 107 minutes to form a 320 µm deep cavity for the 
actuator disks (Figure 3.16e) 
6. Anodic bond glass cover wafer and silicon wafer using 1 OOOV and 450°C to form 
and seal pump chambers (Figure 3.16±) 
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7. Evaporate 0.18 µm layer of titanium and lµm gold layer on backside of silicon 
wafer to form positive electrode (titanium acts as a seed layer to ensure adhesion 
of the gold) (Figure 3 .16g) 
8. Manually attach piezoelectric actuator disks and wires to the actuator disks using 
a silver conductive epoxy (Circuit Works CW2400)(Figure 3.16h) 
9. Attach fluid system connector to the glass wafer using high strength epoxy (3M 
DP-100 Plus) (Figure 3.16i) 
a. 
b. g. 
C. h. 
d. 
e. 
Figure 3 .16. Schematic diagram of the steps in the second-generation fabrication process. 
Detailed fabrication procedures for the second-generation micropump are included in 
Appendix A. 
For the second-generation fabrication, the silicon dioxide deposition was removed 
and, as a result, one patterning step and two etching steps were removed from the fabrication 
procedure. To begin, the silicon wafer was patterned and the pump chambers were etched 
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into the front side of the silicon wafer using DRIB. In a similar fashion, the cavities for the 
actuator disks were then etched using DRIE. 
To prevent bonding of the glass and silicon mesa, selective anodic bonding was used 
with a 20 nm layer of chromium as an anti-bonding layer. Bonding was performed at 
atmospheric conditions using a hotplate at 450°C with 1 OOOV of potential applied across the 
glass and silicon wafer pair for 30 minutes. A strong bond was formed over all areas except 
those patterned with chromium. At the locations patterned with chromium, interference 
fringes were observed first by visual inspection, indicating unbonded areas. As shown by 
Veenstra, et al., such interference fringes are considered to be indicative of local nonbonding 
[12]. These interference fringes are easily seen using a microscope and are shown below in 
Figure 3 .1 7 at 20X magnification. 
Inlet/Outlet Hole 
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Silicon Mesa 
Figure 3 .17. Interference fringes showing unbonded, chromium patterned areas. 
To provide a reference, Figure 3.18 shows a silicon mesa bonded to the glass wafer in 
the first-generation design. As the picture shows, no interference fringes are present where 
the silicon mesa contacts the glass wafer. 
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Figure 3 .18 Microscope picture of the silicon wafer bonded to the glass wafer. 
Chromium was selected as a selective anodic bonding material due to its ability to 
form an insulating oxide which does not allow oxygen ions to migrate to the glass/silicon 
interface and form silicon dioxide. In addition to this property, chromium is also highly 
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chemical resistant [24] and has found use in various biomedical applications including joint 
replacements. 
Interface bubbles and unhanded areas caused by particles and trapped gases also 
occurred. These unhanded areas can be readily seen both in Figure 3.19 below and 
previously in Figure 3.5 as the circular features in the central area of the wafer. 
Figure 3.19. Unbonded areas in the joined wafers originating from foreign particles and trapped 
gases. 
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The unbonded areas are caused by both particles present between the glass and silicon 
wafers prior to bonding and gases trapped between the glass and silicon wafers during the 
bonding process. Particles create a gap between the wafer pair and also provide a location 
for gas bubbles to nucleate. Gas bubbles and unbonded areas will form, to some degree, in 
any bonded wafer pair because it is impossible to completely remove all particles. A 
decrease in the number and size of particles present will, however, decrease the number and 
size ofunbonded areas and gas bubbles. 
3.6 Design Methodology for Selective Anodic Bonding of the Proposed Micropump 
Many factors influence the ability of the silicon and glass wafers to bond to one 
another. The relations presented earlier in this chapter allow optimization of the bonding 
process. This section will provide a methodology for optimizing the selective anodic 
bonding process and ensuring a successful bond. 
Using Equations (3.10) and (3.11) for unbonded areas caused by particles presented 
previously, the critical particle size for smaller unbonded areas can be determined. For a 
given particle size, 2h, the radius R of the resulting unbonded area is given by Equation 3.10. 
Assuming that material 1 is glass and material 2 is silicon, from Callister [25]: 
Ei = 64 GPa 
U1 = 0.20 
Ez = 129 GPa 
U2 = 0.28 
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which gives: 
64xl09 K 
E' = m2 = 6.6667 xl010 % 
1 (1-0.22 ) m2 
, 129xl09 ~ % 
E = m = l.3997xl011 
2 (1-0.28 2 ) m2 
Based on the surface energy between glass and silicon dioxide, y = 350 mJ/m2 [14]. 
For the purpose of the following calculations, we will assume that the glass wafer (tw1) is 
500 µm thick, while the silicon wafer (tw2) is 525 µm thick. At the critical unbonded area 
radius, Rcrit = (tw1 + lw2), we have a critical particle radius, hcrit· For h < hcrit, a smaller 
unbonded area will occur. For a wafer pair of different materials and thickness, hcrit is given 
by Equation 3.11. 
Using the values of E', tw, and y above, we arrive at a value ofhcrit = 0.224 µm. The 
particle size is 2h, which means that smaller unbonded radius will occur for particles less 
than approximately 0.45 µmin diameter. The corresponding unbonded area is 3.30 µm2• 
As has been shown here and by Equation (3 .14) above, the time required for bonding 
is a function of the particle size. Table 3.2 shows the bonding time for different particle sizes 
in different classes of cleanrooms. The calculations are based on the assumption that there 
will be 106 1 µm particles per square meter in normal room air and that this room air is the 
equivalent of a class 1,000,000 cleanroom. A class 10,000 cleanroom is 100 times cleaner 
than this, so we assume that there will be 10,000 1 µm particles per square meter. 
Multiplication factors of 4.23 and 28.4 are used to specify the assumed number of 0.5 µm 
and 5 µm particles respectively, based on ISO cleanroom standards. 
41 
Table 3.2. Bonding time as a function of cleanroom and particle size for 1000 volts. 
Room Air 
Cleanroom Class 10 100 10,000 (1,000,000) 
Particle Size 0.5 1 5 0.5 1 5 0.5 1 5 1 
Number of 
Particles/cubic 
meter - ISO Std 352 83 0 3520 832 29 352000 83200 2930 8320000 
Number of 
Particles/square 
meter 42.3 10 0.35 423 100 3.52 42300 10000 352.1127 1000000 
Bonding Time (s) 0.0046 0.0022 0.0004 0.0457 0.0216 0.0038 4.5723 2.1618 0.3806 216.1842 
Table 3.2 shows the dramatic decrease in bonding time when using cleaner 
environments. Because wafers with different cavity patterns will bond differently, Table 3.2 
cannot be used to approximate the required bonding time. The table does, however, prove 
that a cleaner environment has significant impact on the bonding time and that a cleaner 
environment is best for bonding. 
For bonding a solid glass wafer to a silicon wafer with cavities, the equations 
presented previously can be used to predict if the glass wafer will bond to the bottom of the 
cavities in the silicon wafer. This part of the bond may or may not be desirable. The 
minimum chamber depth to prevent bonding for the peristaltic micropump may also be 
calculated from Equation (3.15). For the micropump, the chamber and mesa diameters are 
shown in the diagram below. 
Glass 
;;i.1 
Silicon Mesa 
Pump Chamber 
Edge 
IE--------- 15 mm ----------'3"1 
Figure 3.20. Pump Chamber and Silicon Mesa Dimensions. 
42 
To avoid gap closure we want to ensure that the region between the silicon mesa and 
pump chamber edge does not bond. Based on the dimensions given in Figure 3.20, 
R = 2.25 mm. Based on the development by Tong and Gosele [14], to avoid gap closure the 
chamber depth, t, must satisfy the following: 
t > -.======== 
Using the values from the previous calculations: 
t > 1.080 µm 
This tells us that in order to prevent the glass wafer from bonding between the silicon 
mesa and the outer edge of the pump chamber, we must have a minimum chamber depth of 
approximately 1.08 µm. 
Peeling stresses are responsible for initiating debonding in the glass/silicon wafer 
pair. To ensure that the glass and silicon wafers will remain bonded upon cooling, the 
peeling stress is calculated using Equation 3.29. Using this relation, the maximum peeling 
stress is: 
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Pmax = 3.53xl06 %2 = 3.53 MPa 
As reported by Obermeier [26], bond strength ranges from 10-40 MPa. Based on 
this, we can conclude that no separation will occur. With regard to design, the optimum 
wafer thickness ratio to eliminate peeling stresses is calculated using Equation 3 .31. Based 
on the values for yield strength and Poisson ratio presented earlier, the wafer thickness ratio 
that gives zero peeling stress is: 
fwl =1.449 
fw2 
3.7 Summary 
The joining of silicon and glass, known as anodic or electrostatic bonding, is 
extremely useful for applications in many microtechnology fields. Bonding of glass to 
silicon may be used for packaging of mechanical and electronic devices, device structural 
layers, and see-through layers for microfluidics, to name a few. 
Requirements placed on the glass used include availability of mobile ions (sodium), a 
thermal expansion close to that of silicon, and electrical conductivity. For the silicon/glass 
wafer pair, certain requirements for planarity, surface roughness, and cleanliness must also 
be met. 
To initiate bonding the wafer pair is heated to the bonding temperature, which causes 
the sodium and oxygen ions to become mobile. At this point, a potential is placed across the 
wafer pair in the range of 200-1000 V. This causes sodium ions to migrate toward the upper 
glass surface and oxygen ions to migrate toward the silicon/glass interface. The migrating 
oxygen ions react with the silicon, thereby creating silicon dioxide, which forms the bond. 
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Anodic bonding has several challenges. A clean environment is required because 
foreign particles may lead to unbonded areas. Surface roughness and etched cavities in one 
or more of the wafers may also cause problems and leave areas unbonded. Trapped gases 
created during the bonding process may also lead to unbonded areas or bulges in the bonded 
pair. Repeatability of the bond formation may also be an issue. 
Selective anodic bonding provides a means to preferentially bond specified areas of a 
wafer pair. Selective bonding is achieved by using an anti-bonding layer of either chromium 
or platinum. Both of these materials prevent the oxygen ions from interacting with the 
silicon to form silicon dioxide; thus, no bond is formed where these materials are present. 
Using the technique of selective anodic bonding, a second-generation design 
micropump was successfully fabricated. In the second-generation fabrication, the problem of 
bonding between the silicon mesa and glass wafer was eliminated by depositing a thin 
chromium layer in place of the silicon dioxide spacer in the first-generation design. As a 
result, the micropump was operational. 
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Chapter 4. Testing and Characterization 
After modifying the original design and completing the fabrication using selective 
anodic bonding, the micropump was tested to determine its performance. This chapter deals 
with the pump characteristics that were tested and the methods used for testing and 
characterization. 
4.1 Deflection Measurement 
Of great interest is the deflection of the silicon pump membranes. The deflection can 
be compared with the theoretical deflection and ultimately with the theoretical pumped 
volume. The actual pumped volume will determine whether or not the pump is able to self-
prime and its ability to operate in the presence of bubbles. 
4.1.1 Microscope Deflection Measurement 
A microscope was calibrated with the intention of measuring the deflection of the 
micropump's silicon membrane. The microscope, fitted with a lOX objective, was calibrated 
using a standard glass microscope slide. To calibrate, the microscope was focused on one 
side of the slide; then focused on the opposite side, counting the number of divisions of the 
focusing dial required to focus between the two sides. The thickness of the microscope slide 
was measured using a micrometer. This resulted in a displacement of approximately 1.6 µm 
per division of microscope objective vertical travel, which is the resolution of the microscope 
when used to measure the deflection. 
The theory for the measurement was to focus on the unactuated pump membrane, 
apply a voltage to the PZT to deflect the membrane, and then refocus the microscope. The 
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amount of travel of the objective required to refocus could then be related to the 
displacement of the pump membrane. Because the glass wafer covers the center chamber, 
the displacement of this membrane could not be measured using this technique. 
To standardize the frame ofreference for the displacement measurements, the 
membrane deflection was measured by focusing on the center of the inlet and outlet 
chamber's silicon mesas through the inlet and outlet holes in the glass wafer. Initial testing 
of the membrane deflection was used to confirm proper operation and gain insight to the 
linearity of the membrane deflection with respect to applied voltage. Deflection was 
measured using a microscope fitted with a lOX objective, and voltage was applied to the 
actuator at 10 V increments. Displacement measurements made with the microscope 
technique proved to be linear in nature with increasing actuation voltage, as shown in Figure 
4.1. Because the displacement was not detectable, measurements were not recorded below 
30V actuation. The maximum deflection measured was approximately 8.8 µm at the lOOV 
actuation level. 
Membrane Deflection as a Function of Applied Voltage 
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Figure 4.1. Deflection of pump chamber membrane as a function of applied voltage. 
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4.1.2 Laser Deflection Measurement 
A laser deflection measurement system (Figure 4.2) was designed to measure the 
deflection of the pump membranes. The primary advantages of this system are that it allows 
the deflection of the center chamber to be measured, despite the fact that it is covered by the 
glass wafer, and is more accurate than the microscope deflection measurement technique. 
The operating principle of the laser deflection measurement system is as follows: A 
HeNe laser (JDS Uniphase Model 1107) at an angle, 8, equal to 45°. (Figure 4.2) is focused 
on the membrane surface a horizontal distance, L, away from the PSD. As the membrane is 
deflected by the piezoelectric actuator disk, thereby moving up and down a vertical distance 
h, the laser beam is deflected off the membrane into a dual element photodiode (Hamamatsu 
S393 l One-Dimensional Position Sensitive Detector (PSD)). The point of contact of the 
laser beam is now a horizontal distance L+h away from the PSD. As the membrane moves, 
the laser beam traces a vertical pattern on the photodiode. For a membrane deflection of h, 
the beam on the PSD will move 2h, as shown in Figure 4.2. 
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Figure 4.2. Diagram of the distance 2h traveled by the laser beam for a deflection h. 
The photodetector (Figure 4.2) measures the difference in light intensities between 
the upper and lower photodetectors and then converts to voltage. To measure the output of 
the photodiode, a circuit was designed and built. The circuit (Figure 4.3) used in the laser 
measurement system receives its input from the PSD. A computer is used to convert the 
voltage data to deflection data. 
The circuit was constructed on a 3M Solderless Breadboard Model 309 using the 
following parts: 
1. Hamamatsu S3931 One-Dimensional PSD 
2. National Semiconductor LM741 Operational Amplifier 
3. Jim-Pak DClOO lOOpF Ceramic Disc Capacitor 
4. Resistors Rl-R7 - lOkQ 
5. Analog Devices AD538 Analog Divider 
6. 3M Model 309 Solderless Breadboard with Jumper Wire Kit 
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A diagram of the circuit built and used for measuring the PSD output is included in 
Figure 4.3, and the schematic circuit diagram is included in Figure 4.4. Power for the circuit 
is supplied by an Agilent E3620A 0-25V, lA dual output power supply. 
0 
[/] 
Cl. 
X1 
V+ 
Figure 4.3 . Diagram of the circuit used to measure PSD output. 
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Figure 4.4. Circuit Diagram 
AD538 
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Position Signal 
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In order to measure the deflection of the pump membrane, light from a HeNe laser 
(JDS Uniphase Model 1107) is reflected from the surface of the pump membrane. This light 
is deflected in such a way that it is incident on the PSD. As the membrane moves, the 
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reflected laser light traces a vertical line on the PSD. As the laser beam moves from the 
center of the PSD, a current change is measured and translated into a voltage output from the 
circuit. This voltage output can be characterized to relate a deflection to a measured voltage. 
The relationship between output voltage and positionx is shown in the plot of Figure 4.5. 
The theoretical relationship shown here is for the manufacturer's electronic circuit. The 
circuit built for measuring the micropump membrane deflection must be characterized in the 
lab to obtain similar output voltage and position results to those obtained by the Hamamatsu 
signal processing circuit. 
+10 
0 L 
Light Spot Position, x 
-10 
Figure 4.5. Position versus output voltage for the PSD. 
4.1.2.1 Position Sensitive Detector (PSD) 
Various methods are available for detecting the position of incident light. With the 
advantages of high position resolution, high-speed response, and reliability, position sensitive 
detectors (PSDs) provide a viable solution. When the laser beam is incident on the PSD 
active area at a distance x from the center, photocurrents 11 and I2 are created at Xl and X2 
as shown in Figure 4.6. From these output signals, xis found using Equation (4.1): 
51 
(4.1) 
Figure 4.6. Conversion Diagram and Formula of Laser Beam Position on PSD 
At the center of the PSD active area, when x equals zero, the photocurrents 11 and 12 
are equal and cancel each other. As x deviates from the center of the PSD active area, a 
difference is detected between 11 and 12. Photocurrents 11 and 12 are passed through resistors 
Rr creating a proportional voltage output which is input to the circuit. If the resistances that 
photocurrents 11 and 12 pass through are equal, x is related to PSD output voltage by the 
following equation: 
or 
(4.2) 
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As shown in Equation ( 4.2), in order to measure the value of x, there must be three 
mathematical operations (i.e., addition, subtraction, and division). Operational amplifiers 
(op-amps) were used to complete the required operations and are shown in the measurement 
circuit diagram of Figure 4.4. 
The first two op-amps shown in Figure 4.4 are for retrieving the signal output from 
the PSD. A potentiometer (Rr) and capacitor (Cr) connect the inverting input and the output 
of each of the first two op-amps. The potentiometer is used to adjust the gain on the output 
signal from the PSD. The third op-amp adds the signals from the first and second op-amps 
and inverts the result to achieve a positive output. The fourth op-amp outputs the difference 
of the signals from the first and second op-amps. The AD538 analog divider circuit divides 
the output from the fourth op-amp by the output from the third op-amp and provides an 
output voltage which is read by a digital oscilloscope (Tektronix TDS 2002). The change in 
voltage read by the oscilloscope gives the magnitude of deflection of the pump membrane. 
4.1.2.2 Calibration 
To calibrate the circuit, the laser beam was deflected a known distance and the 
voltage output from the circuit was recorded. Plotting this voltage output versus the known 
displacement gives the calibration curve for the circuit. Figure 4. 7 below shows the initial 
calibration curve for the laser measurement system. The calibration data collected proved to 
be linear only in the range of 30-90 µm of deflection. In this range the calibration curve is: 
Output Voltage(V) = 0.001 (Deflection (µm))-0.02 
As shown in the calibration curve, the system was unable to resolve deflection below 
20 µm. Because of the low resolution, deflection data was not collected. Two factors affect 
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the resolution. First, the vertical displacement stage used to calibrate the system is only 
capable of moving in 10 µm increments. Second, the sensitivity of the PSD used was not 
sufficient to accurately measure the µm scale displacement. Recommendations for 
improving the laser measurement system have been proposed. 
Voltage Output vs. Deflection 
0.08 
0.07 • 
0.06 • 
~ .... 0.05 • :I Cl. .... 
c5 0.04 • Cl> 
Cl 
~ 0.03 • 
0.02 • 
0.01 • • 
0 
0 10 20 30 40 50 60 70 80 90 100 
Deflection (micron) 
Figure 4.7 Initial calibration curve for the laser measurement system. 
4.1.3 Atomic Force Microscope Deflection Measurement 
The membrane deflection was also measured using an atomic force microscope 
(AFM). The AFM uses feedback from a piezoelectric crystal to measure vertical deflection. 
A laser beam is focused on a cantilever which is in contact with the measuring surface. As 
the cantilever is deflected by the measurement surface, the laser beam traces a pattern on a 
photodiode. Output from the photodiode is compared with voltage output from the 
piezoelectric crystal. The piezoelectric crystal then adjusts to return the cantilever to its 
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initial position. The amount of required deflection is output from the piezoelectric crystal as 
the vertical deflection. Figure 4.8 shows the general operating principle of the AFM. 
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B D 
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Figure 4.8 Operating principle of the atomic force microscope 
Static deflection for the membranes was measured over the range from 10 to 130 V. 
As shown in Figure 4.9, the measured deflection increased linearly with increasing voltage. 
The maximum deflection measured using this technique was 6.56 µm. 
The resolution of the atomic force microscope is on the nanometer scale as compared 
with the microscope measurement method where the resolution is only 1.6 µm. The 
measurements taken with the microscope rely heavily on operator judgment in determining 
when the microscope is focused on the membrane surface. This technique allows for 
variation in the precise point of focus, especially at low voltages where the deflection is low. 
Because of dependency on operator judgment and low resolution, the microscope method of 
deflection measurement may not provide an accurate means of determining membrane 
deflection. For these reasons, the atomic force microscope measurement method is the 
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preferred method for measuring membrane deflection and will be used in subsequent 
calculations. 
Membrane Deflection vs. Actuation Voltage 
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Figure 4.9 Membrane deflection measured using an atomic force microscope 
4.2 Pump Membrane Actuation 
Peristaltic actuation was selected for pump chamber actuation. Each pump chamber is 
actuated independently. The individual chambers are actuated by a two-layer piezoelectric 
disk element (Piezo Systems, Inc. T216-A4N0273X). The advantage ofthis type of actuator 
is that relatively large deflections may be obtained at reasonable applied voltages (19.1 µmat 
180V) [27]. All chambers have the same period of actuation time with a half-period offset 
between each chamber. Figure 4.10 shows the actuation period for each chamber. 
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Figure 4.10. Pulse profiles for micropump chamber actuation. 
The pump chamber actuation shown in Figure 4.10 has the following timing: 
Chamber 1 opens. After one-half of the chamber 1 actuation time, chamber 2 opens. After 
one full period of chamber 1 actuation time, chamber 1 closes and chamber 3 opens. After 
one and one-half actuation periods, chamber 2 closes. After three full actuation periods, 
chamber 3 closes, forcing fluid out of the outlet and completing one cycle. 
Upon the closing of chamber 3, chamber 1 opens again beginning a new cycle. This 
cycle is continuously repeated, resulting in a peristaltic-type motion. For this type of 
operation, a method for timing and controlling the pump chamber actuation is required. 
4.2.1 Control Circuit for Peristaltic Pumping 
Each membrane is deflected by a piezoelectric actuation disk. These disks bend when 
subjected to a voltage. To actuate the individual disks, separate input/output modules 
(Crydom ODC5A) were used to switch the power to the actuation disks on and off. One 
module was used for each disk. The switching modules were controlled using Lab VIEW 
software and a National Instruments 6601 Timer Counter Board. Power to actuate the 
piezoelectric disks was provided by a Kenwood PR250-0.42A regulated DC power supply. 
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Because of the highly capacitive nature of the piezoelectric disks, charge builds up 
upon application of the actuation voltage. In the initial testing period, it was found that the 
actuator disks would deflect; and when the power was removed, could not discharge and 
return to their original state before the next series of voltage was applied. To remedy this, 
1 kn resistors were connected in parallel with each piezoelectric disk (Figure 4.11 ). The 
1 kn, 10 W resistor was chosen based on current and power considerations for the power 
supply. With a 100 V supply voltage and a maximum current of 0.5 A that can be delivered 
by the power supply in use, the minimum resistance value is: 
R = l OO V = 200 n 
0.5 A 
At this value ofresistance the power is as follows: 
P = i · V = 0.5 A· l 00 V = 50 W 
As this combination of resistance and power is not feasible due to size and cost constraints, a 
1 kn, 10 W resistor was selected. The following calculations show what current and power 
values are expected with this resistor: 
i = V = 100 V = 0.1 A 
R lOOOn 
P = i · V = 0.1 A · l 00 V = 10 W 
These parameter values lie within the appropriate ranges for the power supply and 
will perform sufficiently under the current operating conditions. The value of resistance and 
required power dissipation of that resistor will be limiting factors in the speed with which the 
pump may be operated. If the pump is desired to operate at a high rate, another approach 
may be needed to adequately discharge the piezoelectric disk in the future. 
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It was also found that a sharp rise in the current delivered to the switching modules 
overloaded them, causing them to function improperly above a certain voltage. Connecting 
100 Q resistors in series with each module - between the module and the piezoelectric disk -
solved this problem. By being placed in series with the 1 kQ resistor, the two resistors 
formed a voltage divider. This reduced the current applied to the modules, as shown in 
Figure 4.11 and the following equations. 
+ 
R2=1000hm 
V2 PZT 
Rl=l kOhm Vl 
Figure 4.11 Circuit diagram for the PZT discharge circuit. 
With an applied voltage of lOOV: 
VI= lOOOO (lOOV) = 90.9V 
11000 
V2 = lOOO (lOOV) = 9.09V 
11000 
il = 90.9V = 0.0909A 
10000 
i2 = 9.09V = 0.0909A 
1000 
Pl= (0.0909) 2 (10000) = 8.26W 
P2 = (0.0909) 2 (1000) = 0.826W 
The circuit comprised of the power supply, input/output modules, and piezoelectric 
disks is included in Figure 4.12. 
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Figure 4.12. Schematic of the actuator disk control circuit. 
4.2.2 Control Programs 
The individual chambers operate identically with the peristaltic actuation achieved by 
offsetting the timing of each of the chambers. As described in the previous section, voltage 
to the individual disks is turned on and off by input/output modules. These modules are 
controlled by a Lab VIEW program, which offsets the timing of the chambers and then 
maintains actuation. The program used is a combination of a delayed pulse and a continuous 
pulse train for each chamber. The delayed pulse of the individual chambers is set to obtain 
the peristaltic actuation. 
As shown in Figure 4.10, the actuation profile consists of repeated actuation periods. 
Beginning with chamber 1, the chamber is actuated for one period; then actuation is removed 
for one period; then this process is repeated. Chamber 2 is delayed by one-half period, and 
chamber 3 is delayed by one full actuation period from the beginning of chamber 1 actuation. 
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For the four frequencies tested - 0.5, 1, 2, and 4 Hz - the length of the actuation periods were 
1, 0.5, 0.25, and 0.125 seconds, respectively. 
4.3 Test Setup 
Testing of the micropump entailed both flowrate testing and pressure testing. The 
micropump is held in an aluminum fixture. The fixture securely holds the pump, leaving 
only the area under the pump chambers free. This ensures that only the membranes are 
allowed to move and the rest of the pump held stationary. The test setup consists of: 1) pump 
fixture; 2) power supply for micropump actuation (Kenwood PR250-0.42A); 3) fluid supply 
system; 4) pressure sensor (Motorola MPX20100P) and amplifying circuit; 5) power supply 
for the circuit (Agilent E3620A); 6) 1 OV DC (RadioShack) power supply for the pressure 
sensor; 7) computer with Lab VIEW software for pump actuation control and data 
acquisition; 8) actuation control circuit. The components of the test setup are shown in 
Figure 4.13. 
Figure 4.13. Peristaltic micropump test setup. 
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4.4 Priming 
One complication for most mi crop ump designs is the occurrence of bubbles in the 
pump chambers after priming with the working fluid. To ensure proper and consistent 
operation, micropumps must be primed with the working fluid and all air bubbles must be 
removed [28]. Bubbles may be the result of air trapped in the chamber, due to the chamber 
geometry, upon filling or may be the result of out gassing of the working fluid itself. 
Zengerle, et al. [28] have tested various methods to remove gas bubbles from microliquid 
systems. The primary methods used were the degassing of the working fluid and carbon 
dioxide priming. Ethanol, propanol and water were used as working fluids. Because of the 
complexity involved and the unsuccessful results experienced with the degassing method, the 
carbon dioxide priming method was employed. 
To achieve bubble-free priming, the micropump was connected to a fluid system with 
flexible tubing. Switching between the carbon dioxide and working fluid was achieved with 
a three-way valve. Nitrogen gas was used to pressurize a 250 mL filter flask, thereby 
pushing the working fluid into the micropump. Figure 4.14 shows a schematic of the fluid 
supply and priming system used. 
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Figure 4.14. Schematic of the carbon dioxide priming system. 
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The deionized water working fluid for the micropump is contained in the filter flask 
and fills only the lower portion of the flask. The nitrogen gas supply is connected to the 
upper horizontal inlet to the filter flask and provides a means for forcing the working fluid 
through the system for priming. The stopper placed in the top inlet to the filter flask has a 
through-hole into which two tubes are inserted. A short length of poly tube extends from the 
bottom of the stopper into the flask and below the working fluid level. A piece of clear PVC 
tubing is inserted into the top of the stopper. In this configuration, the nitrogen gas 
pressurizes the closed filter flask, forcing the working fluid up the poly tube and out through 
the PVC tubing located in the top of the stopper. 
Using the method developed by Zengerle [28], faster priming is achieved by flushing 
the system with carbon dioxide gas prior to priming with the working fluid. Carbon dioxide 
gas is connected to the PVC tubing line exiting the filter flask by means of a three-way valve 
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with Luer fittings. The three-way valve allows either the nitrogen gas/working fluid or 
carbon dioxide gas to be connected to the micropump inlet. This provides a means to prime 
the system with carbon dioxide and then switch to working fluid priming without losing the 
pump prime created using the carbon dioxide. 
Initial attempts to prime the pump resulted in bubbles trapped in the center chamber, 
as shown in Figure 4.15. It was determined after trial and error that the working fluid must 
be introduced to the pump chamber quickly after purging with carbon dioxide and at a fast 
rate. 
Figure 4.15. Picture of a bubble trapped in the center pump chamber. 
To prime the micropump, all three chambers are held open simultaneously at an 
actuation voltage of 100 V. The three-way valve is opened so the carbon dioxide gas flows 
through the pump at approximately 10 psi of pressure. This carbon dioxide flush is carried 
out for five minutes for a dry pump, or until dry for an initially wet pump (approximately ten 
minutes). After flushing with carbon dioxide, the three-way valve is quickly turned to shut 
off the carbon dioxide, allowing the working fluid to pass into the pump. Using nitrogen gas, 
the working fluid is pushed into the pump at a pressure of 5 psi. At this pressure the water 
moves quickly into the pump, filling the chambers. Upon filling with water, some bubbles 
are trapped; but because they are composed solely of carbon dioxide gas, they quickly absorb 
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into the water, thereby leaving the pump chambers bubble-free and primed with the working 
fluid. As observed by Zengerle, et al., complete priming is observed within 2 to 3 minutes 
upon rinsing with the working fluid [28]. 
Based on dimensions measured during fabrication, the dead volume of the 
micropump chamber was calculated. The micropump had a chamber depth of 180 µm, an 
actuator disk recess depth of 320 µm, and an overall silicon wafer thickness of 550 µm, 
which gives a membrane thickness of 50 µm. These dimensions give a chamber dead 
volume of 2.04 x 10-8 m3• With a maximum membrane deflection of 6.56 µm and the 
assumption that the chamber deforms in the shape of a cone, the change in volume, LIV, is 
2.47 x 10-10 m3• The compression ratio is given by: 
(4.3) 
where LIV is the change in volume (pumped volume) and Vo is the dead volume. For the 
narrow channel design, the compression ratio is 0.012. 
Richter [29] states that for self-priming and resistance to bubbles, the micropump 
must have a compression ratio larger than 0.075. The current micropump design does not 
meet this self-priming criterion. To remedy this, the deflection (pumped volume) must be 
increased or the dead volume of the pump chambers must be decreased. As shown by 
previous calculations for minimum chamber depth to prevent bonding within the chamber, 
the latter solution is very possible and most likely the best alternative. 
For the design discussed in this thesis, the change in volume is 2.47 x 10-10 m3• For 
this change in volume, we assume that the deformed membrane assumes a cone shape; the 
mesa volume is cancelled out by the volume increase in the chamber caused by the gap 
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between the silicon mesa and the glass wafer. Knowing from Richter that the minimum 
compression ratio for self-priming is 0.075, we can calculate the maximum chamber depth 
for self-priming. 
With a calculation of this sort, we can develop a method to determine the maximum 
chamber depth for self-priming. Cao [8] reported that if membrane thickness is fixed, 
deflection increases with increasing chamber diameter and decreases with increasing 
chamber depth. It was also reported that the chamber depth has a larger effect on deflection 
than does the chamber diameter. Thus, we will maintain the chamber area, A, and vary the 
chamber depth, h. The volume of the deflected membrane is assumed to take a conic shape. 
The volume of the silicon mesa is subtracted from this conic section. Assuming that the 
mesa is rigid, the top and bottom of the mesa move equal amounts, AZ, and the volume 
displaced by the mesa is equal to the volume opened by the gap between the mesa and the 
glass wafer, effectively canceling the effect of the silicon mesa. By rearranging 
Equation (4.3) we have: 
!R2 ·11Z 
h _ 11V ___ 3 ------
- 0.075 ·A - 0.075 · (R 2 - r 2 ) (4.4) 
where R is the chamber radius, r is the radius of the silicon mesa, and AZ is the membrane 
deflection. From this we see that the chamber depth for self-priming is directly proportional 
to the membrane (actuator disk) deflection. 
Based on the current chamber diameter, the area, A= 1.1310 x 10-4 m2, is fixed. To 
be conservative, we assume that the deflection has a minimum value of approximately 6 µm. 
Assuming a safety factor of 2, we have: 
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h = (6xl0-3)2 ·tr. (3xl0-6) m 3 = l.3333x10-s m = 13.3 
3 · 0.075 · (1.13 lxl0-4 ) m 2 µm 
(4.5) 
By using a chamber depth of 13 µm, self-priming is assured. 
4.5 Flowrate Measurement 
One of the characteristics used to define the performance of a pump is the flowrate, or 
volume of fluid pumped in a given amount of time. Flowrate for the micropump was 
measured by recording the amount of time for the pump to move fluid a specified distance in 
a horizontal tube. The tubing used was 0.025" inside diameter medical-grade silicone (New 
Age Industries #2810227-50). The tubing was mounted horizontally on the pump testing 
fixture (Figure 4.16). 
Figure 4.16. Picture of apparatus used to measure volume flowrate. 
A scale mounted with the tubing was used to measure the distance the fluid traveled. 
The fluid level was adjusted so that with all chambers open and 100 V applied, the fluid 
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remained stationary in the tube at the same point for all tests. When the system was 
stabilized, the control program and stopwatch were started simultaneously. Based on the 
volume of the tubing, the distance traveled by the fluid, and the time recorded, the volumetric 
flowrate was calculated. 
This method was used for three runs at each actuation frequency for the range of 
actuation voltages from 0-130 V. By setting the fluid level at the beginning of each run, 
consistency was maintained between run conditions. 
4.6 Flowrate Data Analysis and Results 
To describe the performance of pumps, many characteristics may be presented. Of 
great importance in comparing pumps is the volume flowrate. The volume flowrate data for 
the micropump proved to be repeatable between runs, as shown by the plot of flowrate versus 
actuation voltage for the 0.5 (Figure 4.l 7a), 1 (Figure 4.17b), 2 (Figure 4.l 7c), and 4 Hz 
(Figure 4. l 7d) actuation frequencies. 
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Figure 4. l 7a. Plot showing the repeatability of flowrate data at a 0.5 Hz actuation frequency. 
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Figure 4. l 7b. Plot showing the repeatability of flowrate data at a 1 Hz actuation frequency. 
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Figure 4.17c. Plot showing the repeatability of flowrate data at a 2 Hz actuation frequency. 
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Figure 4.17d. Plot showing the repeatability of flowrate data at a 4 Hz actuation frequency. 
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A linear regression was performed on the flowrate data. The plots of Figure 4.17 
show the relationship between volume flowrate and actuation voltage averaged over the three 
runs taken. The relationship is fairly linear (R2 = 0.91, 0.95, 0.96, 0.97 for the 0.5, 1, 2, and 
4 Hz frequencies respectively) in all cases with a definite increasing trend in flowrate with 
increasing actuation voltage. As with the pressure, which will be discussed in the following 
section, the volume flowrate averaged over all actuation voltages and three runs appears to 
divide into two levels, with the 0.5 Hz and 1 Hz flowrates being similar and the 2 Hz and 
4 Hz flowrates being similar, but at a higher level. This behavior is shown in the plot of 
Figure 4.18. 
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Figure 4.18. Volume flowrate as a function of actuation frequency averaged over all actuation 
voltages and three runs. 
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The flow was not measurable below an actuation voltage of 20V (Figure 4.19). At 
actuation voltages below 20V the pump may not be able to build up enough pressure to move 
fluid. Also at these low actuation voltages the membrane may not be deflecting enough to 
allow sufficient fluid into the pump. 
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Figure 4.19. Plot showing average flowrate versus actuation voltage for the four frequencies tested. 
Figure 4.19 shows the average flowrate from three runs at the four frequencies tested. 
The maximum flowrate for the micropump was 11.4 µL/min at 4 Hz actuation frequency and 
l 30V actuation voltage. Compared with the design goal of 10 µL/min, the micropump has 
met and exceeded the desired level of flowrate. Although the micropump exceeds the design 
goal, it does so only for the 2 and 4 Hz actuation frequencies. Below these frequencies, the 
maximum flowrates are 5.9 µL/min and 6.7 µL/min for the 0.5 Hz and 1 Hz actuation 
frequencies, respectively, at the 130V actuation voltage level. At an actuation frequency of 
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2 Hz, the design goal of 10 µL/min is reached only at an actuation voltage of 130V, while at 
an actuation frequency of 4 Hz, the design goal is met at 120V. 
It is expected that the flowrate will increase with both increasing actuation voltage 
and actuation frequency. Further investigation into the behavior of the flowrate at higher 
frequencies and voltages is recommended. Also, an investigation into the behavior of the 
flowrate in the visible separation in the flowrate data between the 1 and 2 Hz frequencies is 
also recommended. It is estimated that the interaction of the pump valve operation and the 
fluid viscosity have an effect on the separation between 1 and 2 Hz. 
4.7 Pressure Measurement 
Pressure measurement was carried out using a system (Figure 4.20) composed of the 
following components: 
1. Computer with Lab VIEW Software for Control and Data Acquisition 
2. National Instruments PCI-MI0-16XE-50 DAQ Board 
3. National Instrument PCI-6601 Timer/Counter DAQ Board 
4. Crydom ODC5A Solid State 110 Switching Module 
5. Kenwood 250V -0.42A Single Output Power Supply 
6. Agilent Technologies E3620A 25V-1A Dual Output Power Supply 
7. Small Parts U-1005120 Female Luer Connector 
8. Small Parts U-1005012 Male Luer w/Locking Nut 
9. Small Parts U-1005112 Female Luer 
10. Small Parts LSCP-300B Three-Way Valve 
11. New Age Industries Silicone Tubing 0.025" ID 
12. Poly Tubing- 1/8" ID (6") 
13. Motorola MPX201 OP Pressure Sensor 
Motorola MPX201D 
Crydom 
Switching 
Unit 
250V - 0.42A DC Power Supply 
PCI MI0-16XE-50 
DAQ Board 
NI PCI 6601 Timer 
Counter Board 
Figure 4.20. Pressure measurement system. 
CPU with 
LabView 
The fluid supply system is connected to the micropump using a female Luer 
connector. One end of the connector is attached to the pump using 3M DPlOO Plus Epoxy. 
PVC tubing is used to connect the micropump outlet to one port of the three-way valve. A 
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second piece of PVC tubing extends from the three-way valve and is connected to one port of 
the Motorola pressure sensor, creating a closed system. To ensure that the connection 
between the pump and the pressure sensor was at atmospheric pressure, the three-way valve 
was used to first vent the pressure sensor to atmosphere. After connecting the tubing from 
the pump outlet to the three-way valve, the tubing was opened to atmosphere and then 
opened to the pressure sensor. 
As fluid is pumped through the PVC tubing, pressure builds. The difference between 
the pressure in the tubing and atmospheric pressure is measured by the pressure sensor and 
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output as a voltage. The pressure sensor is connected to the data acquisition board through a 
breadboard, and output data is recorded to the computer using Lab VIEW software. 
4.8 Pressure Data Analysis and Results 
In addition to flowrate, another commonly used quantity to characterize a pump is the 
maximum built-up pressure. Pressure data was collected for the micropump under varying 
conditions of actuation frequency and voltage. Raw voltage data collected from the pressure 
sensor (Motorola MPX20100P) showed a periodic pattern after ramping up to a steady state 
value. To analyze the data, only the data recorded after the ramping period was used (Figure 
4.21). This occurred after 200 seconds or 2,000 data points, and the data was analyzed over 
the range of200 to 600 seconds. A dotted line in Figure 4.21 shows the point where the 
ramping period was assumed to end and the beginning of where the data was used. The 
oscillatory behavior of the raw pressure data may be caused by factors such as: mechanical 
properties of the pump chamber membranes, leakage, atmospheric conditions, or the 
interaction of the pump chambers during actuation. 
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Figure 4.21. Plot of raw pressure data showing the ramping period and portion of data used. 
To begin, a Power Spectral Density analysis (PSD) was performed on the raw 
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pressure data sets to determine the primary frequency of the pressure data and the relation of 
any noise occurring in the data acquisition system. After performing the PSD analysis, it was 
discovered that the periodic behavior of the data had a frequency equal to that of the 
actuation frequency of the micropump. The data also exhibited frequency spikes at higher 
frequencies at what appeared to be regular intervals in multiples of the main actuation 
frequency (Figure 4.22). The x-axis of the Figure 4.22 shows the frequencies present within 
the data set, while the y-axis shows the relative strength or level of the frequencies in dB 
p MB 
where -1.!_ = 10 10 and Pp and P f2 are the power at the first and second frequencies 
pf2 
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compared, respectively. In Figure 4.22 the level at the highest peak at 0.5 Hz is 100 times 
greater than that of the second highest peak at 1.5 Hz. 
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Figure 4.22. PSD for all voltages at 0.5 Hz actuation frequency. 
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This behavior was dependent upon both actuation frequency and voltage. For the 
case of 0.5 Hz actuation frequency, we see that the main frequency in the PSD is at 0.5 Hz 
and the level of that frequency increases with increasing voltage. Figure 4.23 shows a PSD 
of the 2 Hz actuation frequency. From this plot we see that the main frequency is indeed at 
2 Hz and its level increases with increasing voltage, proving that the behavior is dependent 
on frequency and voltage. Although Figure 4.23 only shows two spikes, it is expected that 
another spike would occur at 6 Hz and multiples of 2 Hz. These results demonstrate that the 
relationship between the driving frequency and the output response is significant. 
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Figure 4.23. PSD for all voltages at 2 Hz actuation frequency. 
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5 
Once it was determined that noise existed in the pressure data, a pressure data set was 
acquired at atmospheric pressure under the conditions of no micropump actuation to gather 
information with respect to the ambient noise (Figure 4.24). 
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Figure 4.24. Plot of the system noise taken under atmospheric pressure with no pump actuation. 
When this signal (Figure 4.24) was subtracted from the raw pressure data (Figure 
4.21), fewer high-frequency spikes were observed (Figure 4.25), showing that the higher 
frequency spikes were a result of noise in the system. This occurrence may be explained by 
noise from the actuation circuitry or by mechanical vibration directly related to the 
micropump actuation. In Figure 4.25 the level at 0.5 Hz is nearly 1 million times larger than 
that at 1.5 Hz, compared to Figure 4.22 where the difference was only 100 times. This 
proves that, indeed, the main frequency of the data is 0.5 Hz. 
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Power Spectral Density: Driving Frequency = 0.5 Hz 
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Figure 4.25. PSD for all voltages at 0.5 Hz actuation frequency after removing noise. 
To eliminate the system noise, a digital filter was designed. The digital filter is a low 
pass type filter where frequencies higher than the main frequency are eliminated or 
suppressed from the data. Figure 4.26a shows both the magnitude versus frequency and 
phase versus frequency for one run of pressure data at 0.5 Hz actuation :frequency. For this 
actuation frequency, the filter was designed so that frequencies present in the data set below 
0.505 Hz were passed, and those frequencies present in the data set above a cutoff :frequency 
of 0.5 lHz were suppressed by the filter. For the frequencies between 0.505 and 0.51 Hz, the 
magnitude is decreased linearly by the filter. 
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Figure 4.26a. Digital Filter magnitude and phase (dB) versus frequency for 0.5 Hz actuation. 
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Figure 4.26b. Digital Filter magnitude and phase (dB) versus frequency for 1 Hz actuation. 
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Figure 4.26c. Digital Filter magnitude and phase (dB) versus frequency for 2 Hz actuation. 
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Figure 4.26d. Digital Filter magnitude and phase (dB) versus frequency for 4 Hz actuation. 
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Filters were constructed for the 1, 2, and 4 Hz actuation frequencies as well. The pass 
and cutoff frequencies for the 1, 2, and 4 Hz actuation frequencies were 1.05/1.1 (Figure 
4.26b), 2.05/2.1(Figure4.26c), and 4.05/4.1 Hz (Figure 4.26d), respectively. The digital 
filters were successful in reducing the inherent signal noise, resulting in a cleaner signal as 
shown in Figure 4.27 where the output pressure voltage is plotted versus time. This plot 
shows a close-up section of a pressure data run taken at 0.5 Hz actuation frequency and 130V 
actuation voltage. The digital filter has the same effect as subtracting the noise data (Figure 
4.24) from the pressure data and results in a PSD as shown previously in Figure 4.25. 
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For the lowest frequency of0.5 Hz, no frequency spike was observed below the 50V 
actuation voltage (Figure 4.28). Above this 50V threshold value, a spike was evident at the 
actuation frequency. It was determined that below 50V actuation voltage at 0.5 Hz actuation 
frequency, the signal could not be differentiated from the noise. 
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Figure 4.28. PSD at 30, 40, and 50V actuation voltage for 0.5 Hz actuation frequency. 
The same behavior was detected in the 1 Hz pressure data. The absence of a 
frequency spike for lower actuation voltages can be explained by the fact that the pressure 
output signal is imbedded in noise below the 50V actuation voltage. The following plot 
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shows the 1 OV and 50V data at 0.5 Hz compared to the ambient noise. From Figure 4.29 it 
can be seen that the data at 1 OV actuation is imbedded in the noise and cannot be 
distinguished, while the data at 50V actuation rises above the level of the noise and can be 
distinguished. 
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Figure 4.29. Plot showing the lOV and 50V signals compared to ambient noise. 
At 50V for a 0.5 Hz and 1 Hz actuation frequency, a frequency spike was observed in 
the filtered signal at the actuation frequency. The other frequencies studied (2 and 4 Hz) 
displayed similar behavior, although the voltage at which the signal could be distinguished 
was lower than for the 0.5 and 1 Hz pressure data. This threshold voltage was found to be 
30V as shown in Figure 4.30. 
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Figure 4.30. PSD at 10, 20, 30, and 40V actuation voltage for 2 Hz actuation frequency. 
Using the digital filter, the pressure voltage output signal could be differentiated from 
the noise at and above the 50V actuation voltage level for frequencies of 0.5 and 1 Hz. For 
the 2 and 4 Hz actuation frequencies, the signal could be differentiated at and above an 
actuation level of30V. It is recommended that the pressure data be trusted only for voltages 
above 50V for the 0.5 and lHz actuation frequencies and above the 30V level of actuation 
voltage for the 2 and 4 Hz frequencies. 
The complication of extracting the low voltage signal from the ambient noise was 
alleviated using a digital filter. For subsequent testing, this tactic may also be supplemented 
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by amplifying and filtering the signal as it is recorded and by increasing the data acquisition 
frequency. 
4. 8.1 Statistical Pressure Data Analysis 
Once the behavior of the data was understood, an Analysis Of Variance (ANOVA) 
test was performed on the maximum, minimum, and average values of output pressure 
voltage as measured by the Motorola pressure sensor. The maximum, minimum, and average 
pressure values were similar in their behavior. Of primary interest in characterizing the 
micropump is the maximum output pressure. As a result, this value only will be discussed 
from this point on. 
The ANOV A test uses the sums of squares and degrees of freedom for the data set to 
arrive at an F value and will now be explained. The total number of data points is given by 
n; r is the number of treatments (see Appendix G); the average of the data over all treatments 
is given by y; yij are the raw data values with i voltages andj frequencies; yk is the average 
over treatment k (k can be eitherj frequencies or i voltages for this case); and s2 is the overall 
variance of the data. The equations used in the analysis are: 
Treatment Sum of Squares (SSTr) = Ink(Yk - j/) 2 
Error Sum of Squares (SSE)= L(Yii - j/) 2 
SS Tr Mean Square Treatment (MSTr) = --
(r -1) 
SSE Mean Square Error (MSE) = --
(n - r) 
An F value is computed by dividing the treatment mean square (MS Tr) by the error 
mean square (MSE). The treatment sum of squares is calculated as shown above for both 
voltage and frequency (averaged over i andj). This F value is compared to a table ofF 
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values [30] to determine the probability, P, of a larger F. A high F value gives a low P value, 
which is termed significant. A significant F value implies that there is sufficient evidence to 
indicate that the treatment means (actuation frequency or actuation voltage) are different. 
For the pressure output data recorded, n = 156 (4 frequencies x 13 voltages x 3 runs) and r = 
60 (r = sum of degrees of freedom for each characteristic + 1 ). There are five characteristics 
for this case: repetition (3 runs), driving frequency (4 frequencies), driving voltage (13 
voltages), the degrees of freedom of 3 runs times the degrees of freedom of 4 frequencies, 
and the degrees of freedom of 4 frequencies times the degrees of freedom of 13 voltages. 
The degrees of freedom for each characteristic for this case is: 2 for repetition, 3 for driving 
frequency, 12 for driving voltage, 6 for runs times frequencies, and 36 for frequencies times 
voltages. SAS software was used to perform the ANOV A test, and the program used is 
included for reference in Appendix F. Results of the ANOVA analysis are included in 
Appendix G. 
From the ANOV A analysis, mean values for the maximum pressure output voltage 
were calculated, averaging over all actuation voltages and three runs. These mean values are 
plotted for the four actuation frequencies in Figure 4.31. This part of the analysis showed 
that the interaction of actuation frequency and pressure output was significant when averaged 
over all actuation voltages at three runs per value of actuation voltage (P<0.0001). 
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Figure 4.31. Plot of maximum pressure output voltage for four actuation frequencies. 
The plot includes the standard error for the means as error bars on the four data 
points. From the plot we see that the error ranges for both the 0.5 and 1 Hz and the 2 and 
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4 Hz means overlap. Based on this, the two frequencies are not statistically different and the 
values at 0.5 and 1 Hz are taken to be approximately equivalent. The same holds true for the 
2 and 4 Hz frequencies. Figure 4.32 further supports this behavior. 
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Figure 4.32. Maximum pressure output voltage averaged over three runs. 
89 
140 
From this figure we see that, in fact, the 0.5 and 1 Hz are at approximately the same 
level, while the 2 and 4 Hz frequencies are similarly at a higher level. There is an evident 
separation between the two sets of frequencies. An ANOV A test was performed to 
determine if, in fact, the 0.5 and 1 Hz frequencies and the 2 and 4 Hz frequencies were 
statistically equivalent. From this test it was found that the slopes of the 0.5 and 1 Hz data 
were statistically the same (P<0.6283). The same was found for the 2 and 4 Hz data 
(P<0.311). Another ANOVA test was performed to determine if the slope of the 0.5 and 
1 Hz data was different from the slope of the 2 and 4 Hz data. This test proved that they 
were, in fact, different (P<0.0001), confirming what was observed from Figure 4.32. 
Also, the data shows that the four frequencies converge at lower voltages. This may 
be due to the fact that the signal at lower voltages is imbedded in system noise. As a result, 
we cannot say that the pressure levels vary significantly for the different actuation 
frequencies below a threshold value of approximately 50V of actuation voltage. This is in 
agreement with the previous power spectral density analysis where the pressure voltage 
output signal could be differentiated from the noise above the 50 V actuation voltage level 
for frequencies of 0.5 and 1 Hz and above 30 V for the 2 and 4 Hz frequencies. 
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Comparing the plot of maximum pressure output voltage averaged over actuation 
voltage (Figure 4.31) and the plot of maximum pressure output voltage averaged over three 
runs (Figure 4.32) gives insight into the relative effects of voltage and frequency on the 
micropump performance. The comparison shows that although pressure increases with an 
increase in actuation voltage and an increase in actuation frequency, an increase in actuation 
voltage has a larger effect on the pressure. When doubling the frequency (Figure 4.31) the 
increase in output pressure voltage is 0.05 V but when doubling the voltage (Figure 4.32) the 
increase in output pressure voltage is 0.17 V, confirming that the voltage has a larger effect 
on pressure output voltage. 
The maximum pressure voltage was also plotted versus actuation voltage averaged 
over four frequencies, as shown in Figure 4.33. When averaged over the four actuation 
frequencies, the maximum pressure still exhibits linearity and increases with increasing 
actuation voltage. An R2 value of 0.98 proves a good linear fit of the data. This shows that 
the pressure maintains an overall linear relationship with actuation voltage even when 
averaged over all four frequencies. 
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Figure 4.33. Maximum pressure output voltage versus actuation voltage averaged over four actuation 
frequencies. 
Based on the flowrate results from the previous section, only the 2 and 4 Hz actuation 
frequencies are capable of achieving the design goal of 10 µL/min. The data from these 
frequencies is only distinguishable from the ambient noise above 30V of actuation voltage. 
Therefore, it is recommended that the pump actuation be limited to an actuation frequency 
greater than or equal to 2 Hz and an actuation voltage greater than or equal to 30V. 
Pressure data was recorded in three runs at 0.5, 1, 2, and 4 Hz and proved to be 
repeatable as shown in Figure 4.34. The pressure sensor was calibrated using a known 
pressure and pressure output voltage was converted to actual pressure using the following 
equation: 
P(mmH20) = 57.941(0utput Voltage)-11.646 (4.6) 
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Figure 4.34a. Maximum pressure versus voltage for 0.5 Hz actuation frequency. 
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Figure 4.34b. Maximum pressure versus voltage for 1 Hz actuation frequency. 
35 
30 
0 
~ 25 
E 
.§. 20 
~ 
::J 
fl) 
~ 15 
Q. 
10 
5 
10 
Pressure - Three Run Comparison - 2 Hz - Narrow Channel 
20 30 40 50 60 70 80 90 100 110 120 130 
Voltage (V) 
Figure 4.34c. Maximum pressure versus voltage for 2 Hz actuation frequency. 
Pressure - Three Run Comparison - 4 Hz - Narrow Channel 
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Figure 4.34d. Maximum pressure versus voltage for 4 Hz actuation frequency. 
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Just as in Figure 4.32, plots of the individual runs tended to split into two ranges with 
the 0.5 Hz and 1 Hz pressure data, increasing with voltage at nearly the same rate, and the 
2 Hz and 4 Hz pressure data following suit. Because the data proved to be repeatable, an 
average was taken of the three runs at each frequency. These average maximum pressures 
are included in Figure 4.35. 
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Figure 4.35. Maximum pressure versus voltage - average of three runs. 
This plot also shows the tendency of the frequencies to split into two groups. At 
130V actuation, the micropump built up 30.3 mmH20 of pressure for the 0.5 and 1 Hz 
actuation frequencies and 35.8 mmH20 of pressure for the 2 and 4 Hz actuation frequencies. 
95 
4.9 Summary 
Three characteristics of the fabricated micropump were tested; namely, membrane 
deflection, volume flowrate, and maximum built-up pressure. The membrane deflection was 
measured using a microscope, a laser measurement system, and an atomic force microscope. 
The atomic force microscope was chosen as the preferred method for deflection 
measurement. The peristaltic operation was achieved using an analog control circuit and 
control code generated using Lab VIEW software. 
Before testing the micropump for flowrate and pressure, a study on priming was 
conducted. Bubble-free priming of the micropump was achieved after flushing with carbon 
dioxide gas for approximately 10 minutes at 10 psi. 
The first characteristic tested was the membrane deflection. The maximum 
membrane deflection was 6.56 µm at 130 V of actuation. The volumetric flowrate was then 
measured by recording the amount of time required to move the deionized water working 
fluid a known distance through a piece of tubing connected to the pump outlet. Using this 
method, a maximum flowrate of 11.4 µL/min at 4 Hz actuation frequency was achieved. The 
design goal of 10 µL/min for the pump was only achieved at the 2 and 4 Hz actuation 
frequencies. 
Maximum built-up pressure was measured using a Motorola pressure sensor, 
amplifying filter, and Lab VIEW data acquisition software. The maximum built-up pressure 
proved to increase linearly with increasing voltage. The maximum pressure achieved by the 
pump was 35.8 mmH20 for the 2 and 4 Hz actuation frequencies. Although the pressure 
increases with both increasing frequency and voltage, the voltage has a larger effect. 
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Chapter 5. Conclusion 
In this project fabrication and testing of a silicon-based peristaltic micropump was 
conducted. The micropump was a second-generation design with design and fabrication 
modifications from the original design. The micropump was designed for peristaltic 
actuation provided by piezoelectric actuator disks. Problems were encountered with the first-
generation design in that silicon mesas in the three pump chambers bonded to the glass 
wafer. 
Using the technique of selective anodic bonding, the second-generation design 
micropump was successfully fabricated. In the second-generation fabrication, the problem of 
bonding between the silicon mesa and glass wafer was eliminated by evaporating a 20 nm 
chromium layer in place of the silicon dioxide spacer in the first-generation design. As a 
result, the micropump was operational. 
Three characteristics of the fabricated micropump were tested; namely, membrane 
deflection, volume flowrate, and maximum built-up pressure. Tests showed that 
approximately 6.5 µm of deflection resulted at 130V actuation. The membrane deflection is 
dependent on the quality and consistency of the epoxy bond used to mount the piezoelectric 
actuator disk. A maximum flowrate of 11.4 µL/min at 4 Hz actuation frequency was 
achieved, and the design goal of 10 µL/min for the pump was only achieved at the 2 and 4 Hz 
actuation frequencies. The maximum pressure achieved by the pump was 35.8 mmH20 for 
the 2 and 4 Hz actuation frequencies. Although the flowrate and maximum built-up pressure 
increased with both increasing frequency and increasing voltage, the voltage had a larger 
effect on the performance of the micropump. 
Some challenges of the first-generation design and fabrication were overcome with 
this second-generation design. Operation of the peristaltic membrane micropump was 
verified, and performance characteristics were tested. Although many aspects of the 
micropump design have been improved, further modification to the design and fabrication 
procedure is in order. Table 5.1 gives the overall results obtained for the fabricated 
micropump. 
Table 5.1. Results for the fabricated peristaltic micropump. 
Chamber Depth 180 µm 
Membrane Thickness 50µm 
Actuator Reservoir Depth 320 µm 
Overall Silicon Wafer Thickness 550 µm 
Deflection 6.56 µmat 130V 
Dead Volume, V 0 2.04 x 10-s m3 
Change in Volume, AV 2.47 X 10-IU ffi3 
Compression Ratio 0.012 
Maximum Chamber Depth for Self Priming 13.3 µm 
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Chapter 6. Recommendations and Future Work 
Recommendations and future work for the peristaltic micropump fall into four 
distinct categories: design, fabrication, actuation and control, and testing. 
6.1 Design 
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The ability to self-prime is a desirable characteristic of any pump. The micropump 
detailed in this research did not have the ability to self-prime. It is recommended that in the 
future the design be modified to decrease the chamber depth to 13 µm to achieve self-
pnmmg. 
To decrease the amount of pressure head that the pump must overcome, the inlet and 
outlet could be redesigned to incorporate horizontal inlet and outlet ports as opposed to the 
vertical inlet and outlet currently used. This could be achieved by etching flow channels into 
the glass wafer and attaching the fluid system on the ends of the pump rather than the top. 
Another design modification related to this is to use the material PDMS for connecting the 
fluid system. PDMS is a silicone material that is flexible, resistant to chemicals, and easily 
adheres to glass. The author would suggest creating a mold that could incorporate the fluid 
system tubing into a PDMS structure molded to fit the pump inlet and outlet valves exactly. 
The chamber geometry itself could also be changed to improve the performance of 
the micropump. Future work may include analysis of various chamber geometries to attempt 
to direct the flow through the pump. Decreasing the pump size will also help in increasing 
the compression ratio and will make the micropump better suited for eventual insertion into 
the human body. Piezo Systems, Inc., which manufactures the piezoelectric actuator disk 
used to actuate the micropump, provides an identical actuator disk with a diameter of 6.4 mm 
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versus the current 12.7 mm diameter actuator disk. An early step in future design changes 
may be to decrease the chamber diameter to accommodate this smallest piezoelectric actuator 
disk. 
Another design change would be to increase the size of the hole in the glass cover. 
Static tests with an unfilled pump chamber showed that fluid moves into the pump, although 
this movement was nonuniform and rather slow. One possible explanation is that the small 
area that the fluid must move through between the glass and the button creates a flow 
restriction. The fluid must move a relatively long distance horizontally before flowing over 
the button and into the pump chamber. Whatever gravity helps to move the fluid into the 
pump is reduced due to the horizontal movement of the fluid upon entering the pump. 
A proposed design change would be to either decrease the diameter of the silicon 
mesa or increase the diameter of the inlet and outlet holes in the glass plate. Increasing the 
diameter of the hole would decrease the restriction to fluid flow between the glass and the 
silicon button. If this design change is pursued, an alternate method of attaching the fluid 
supply system will be required due to the constraint of the female Luer connector diameter. 
A basic representation of the design change and theorized improvement is included in Figure 
6.1. 
~--~ 
Figure 6.1. Proposed change to hole size and expected result. 
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6.2 Fabrication 
A recommendation for the micropump fabrication would be to investigate the 
possibility of using a boron etch stop to precisely control the depth of etched features. Due to 
the variability, time, and skill involved in manually attaching the piezoelectric actuator disks 
with epoxy, the micropump may be well served by incorporating thick-film screen-printed 
PZT actuators. This PZT screen-printing method was presented in a micropump designed by 
M. Kock [31]. 
6.3 Actuation and Control 
The current design was only able to accumulate a relatively small amount of pressure. 
Two causes for lack of pressure buildup are possible. First, pneumatic cross-talk in the 
external actuation control system may cause momentary loss of pressure and relaxation on a 
pressurized membrane when the next membrane is being actuated. The momentary 
relaxation can result in backflow and loss of pressure buildup. 
Second, the membranes may not be returning to their fully closed position allowing 
backflow [7]. By using a dual power supply for the actuator disks, the voltage may be 
switched between positive and negative. This would allow the actuator disk to flex both 
down to draw in fluid and up to seal off the inlet and outlet ports. Only a relatively small 
amount of upward actuation may be required to fully close the inlet and outlet valves. Also, 
modification and optimization of the Lab VIEW control program would be beneficial. 
6.4 Testing 
The first measurement taken upon fabricating the pump is the deflection of the pump 
membranes. The laser system developed and calibrated was unable to resolve deflections 
below 20 µm. To remedy this a more sensitive photodiode (PSD) should be selected. A 
vertical stage with finer increments of movement should be selected or a piezoelectric 
actuator should be used to provide vertical deflection for calibration purposes. Finally, a 
system of lenses used to focus the laser beam, both on the pump membrane and on the 
photodiode, would increase the system's ability to accurately measure the deflection. 
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For the testing detailed previously, flowrate was measured using the movement of 
fluid through a known distance over a recorded time interval. This method is based largely 
on operator skill and judgment. A more accurate way to measure the flowrate would be to 
incorporate a flow sensor capable of measuring microscale flowrates. 
Also, future work should include testing at actuation frequencies in the range between 
1 and 2 Hz to determine the behavior of the pump in this region. Testing at frequencies 
higher than 4 Hz would also be appropriate to determine if a steady state of maximum built-
up pressure exists or ifthe pump performance deteriorates at higher actuation frequencies. A 
higher sampling rate for data acquisition should also be used to ensure true representation of 
the data. In this initial testing, a sampling frequency only slightly higher than the Nyquist 
frequency was used. It would be appropriate to use a sampling rate of at least two to three 
times the Nyquist frequency. 
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Appendix A. Fabrication Procedure 
Fabrication procedure for the second-generation peristaltic micropump. 
1. Preparation 
1.1. Material: standard double side polished 4" wafer <100> orientation p-type, 15-25 n-
cm. 
2. Initial Wafer Cleaning 
2.1. Place wafers in 10: 1 Buffered Oxide Etch (BOE) for 3 minutes. 
2.2. Rinse wafers in dump rinse tank for 3 cycles. 
2.3. Place wafers into H2S04/H202 solution at 120 °C for 30 minutes. 
2.4. Rinse wafers in dump rinse tank for 3 cycles. 
2.5. Place wafers in 10:1 BOE for 1 minute. 
2.6. Rinse wafers in dump rinse tank for 3 cycles. 
2. 7. Spin-rinse-dry wafers for one cycle. 
3. Pattern Pump Chambers and Flow Channels 
3.1. Place wafer on hotplate: 30 seconds at 115 °C. 
3.2. Place wafer in HDMS primer for 3 minutes. 
3.3. Spin on Shipley PR1075 positive photoresist at 2000 rpm for 40 seconds to achieve a 
10 µm layer of photoresist 
3.4. Soft bake wafer on hotplate at 90 °C for 1 minute. 
3 .5. Align and expose wafer for 20 seconds. 
3.6. Develop wafer in 351 Developer for approximately 1 minute. 
3.7. Rinse wafers in dump rinse tank for 3 cycles. 
3.8. Spin-rinse-dry wafers for one cycle. 
3.9. Hard bake wafer on hot plate at 120 °C for 1.5 minutes. 
4. Etch pump chambers and flow channels using deep reactive ion etching (DRIB) with 
BOSCH recipe. 
5. Photoresist Strip 
5 .1. Place wafers in acetone for 2 minutes, methanol for 10 seconds, and isopropyl 
alcohol for 10 seconds. 
5.2. Rinse wafers in dump rinse tank for 3 cycles. 
5.3. Spin-rinse-dry wafers for one cycle. 
5.4. Clean photoresist residue using oxygen plasma etcher at 400 W, 0.250 Torr for 20 
minutes. 
6. Pattern Actuator Reservoirs on Wafer Backside 
6.1. Place wafer on hotplate: 30 seconds at 115 °C. 
6.2. Place wafer in HDMS primer for 3 minutes. 
6.3. Spin on Shipley PR1075 positive photoresist at 2000 rpm for 40 seconds to achieve a 
10 µm layer of photoresist 
6.4. Soft bake wafer on hotplate at 90 °C for 1 minute. 
6.5. Backside align and expose wafer for 20 seconds. 
6.6. Develop wafer in 351 Developer for approximately 1 minute. 
6. 7. Rinse wafers in dump rinse tank for 3 cycles. 
6.8. Spin-rinse-dry wafers for one cycle. 
6.9. Hard bake wafer on hot plate at 120 °C for 1.5 minutes. 
7. Etch actuator reservoirs using DRIB to obtain desired membrane thickness. 
8. Photoresist Strip 
8.1. Place wafers in acetone for 2 minutes, methanol for 10 seconds, and isopropyl 
alcohol for 10 seconds. 
8.2. Rinse wafers in dump rinse tank for 3 cycles. 
8.3. Spin-rinse-dry wafers for one cycle. 
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8.4. Clean photoresist residue using oxygen plasma etcher at 400 W, 0.250 Torr for 20 
minutes. 
9. Evaporate 20 nm thick layer of chromium on wafer front side. 
10. Pattern Chromium on Silicon Mesas 
10.1. Place wafer on hotplate: 30 seconds at 115 °C. 
10.2. Place wafer in HDMS primer for 3 minutes 
10.3. Spin on AZ5214 photoresist at 3900 rpm for 30 seconds. 
10.4. Soft bake wafer on hotplate at 90 °C for 1 minute. 
10.5. Align and expose wafer for 20 seconds. 
10.6. Develop wafer in 351 Developer for approximately 1 minute. 
10.7. Rinse wafers in dump rinse tank for 3 cycles. 
10.8. Spin-rinse-dry wafers for one cycle. 
10.9. Hard bake wafer on hot plate at 120 °C for 1.5 minutes. 
11. Etch chromium using commercial chromium etchant. 
12. Sonic drill 3mm diameter holes in glass wafer to form inlet and outlet ports. 
13. Bond Glass and Silicon Wafers 
13.1. Anodic bond glass and silicon wafers at 450 °C and 1 kV. 
14. Evaporate 0.18 µm layer of titanium to act as a seed layer and 1 µm layer of gold on 
pump backside to form positive electrode. 
15. Manually attach piezoelectric actuator disks and wires to the actuator disks using silver 
conductive epoxy. 
16. Attach fluid system connector to the glass wafer 
Appendix B. PSD Data Sheet 
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VR Max. T opr T stg 
(V) I ('C) - ..J.:.Cl __ 
20 ' ·10 to +60 -20 to •SO 
___  l___ ,,,,,_, ___ ...__ .. :~Q. tg_:75 
• Ele_i::_l!ical and o 
Spectral ~k 
response . se<:sfai!'j 
range lw11IOIP:ig!h 
). i 1-p Type No. 
nm (nm 
83979 I 
gjg31. I 
53932 320to1111.l 920 
81352 . _j__ ios I 10 20 
.§3270 ' " ·.J?_CO to 1100 960 0.55 10,,.-'-"1;::,,5...i_=...i..=c:. 
'1: K: borosilicate glass, R: clear resin coating, R (B): visible-cut resin cootmg. 
'2: A range of 75 % of that from the center of the photosensitive surfac.e to the edge. 
'3: The upper limit of linearity of phC>locurrent in response to the c;nantity of light is defir.ed as the point where the lineality 
deviates by 1 O %. 
'4: Position resolution 
This is the minimum detectable tight spot displacement. The detection limit is indicated by the distance on the photosensitive 
surface. The numerical value of the resolution of a position sensor using a PSD is proportional to both the length of the PSD 
and the noise of the measuring system (resolution deteriorates) and inversely proportional lo the photccurrent (incident 
energy) of the PSD (resolution improves). 
Light source: LED (900 nm) Photocurrent: 1 pA 
Spot light size: I) 200 µm Circ-uit system input noise: 1 µV ( 1 kHz) 
Frequency range: 1 kHz tnteretectrode resistan~-e: Typical value (refer to the specification table) 
s o~;/:/g"F:~:;.~OH 
HAMAMATSU 
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Appendix C. Diagram ofLabVIEW Control Program 
The following diagram shows the first and second panes of the Lab VIEW code diagram for 
one chamber. 
-=Delay (s) 21 
f OllL I. 
Appendix D. Crydom DC Output Module Data Sheet 
Cr:IVi:JCM 
Control over power 
INPUT SPECIFICATIONS 
Nominal 
Mi~:~'.:~:_.vo1ta9_;-@ pin 3 {Vdc] (X4 Series) 
'.'.'.1'.1x. Input Volt age@ pin 3 [V_~:J..\'.".~ .. ~-'::~°.'5,l 
Must Turn 
Typical Input Current [rnAdc] 
!"i"x. Input Current [~~.'.::~.C.L_ .... ,, ..... 
Nominal Resisrnnrn {ohm] 
OUTPUT SPECIFICATIONS 
~..?~ninal lino Voltage [Vdc] 
'."lax. line ~'.':'!':.ll.g<:_lY,S'~!. 
Min. Line 
Max. Peak Off-State Voltage [VJ 
Max. Off.State 
Min. On-Sate Current [mAdc] 
Max. On-State 
Max. Turn-On Time [J:!.~.:'?!_ .. ___ 
Max. Tum-Off Time 
~crating [mA pOf ·q 
Fuse Rating [fast-actin9) (X4 Series Oniy) 
f ;mfo11C Oo~umtmt No, 303 
SE.RiES OOC.07081.18. r~,GI: "I Of' l 
Series ODC, (S)MODC, X40DC 
DC Output Modules 
• Status Indicating LED on 
X4 Series and 4A Fuse 
•UL, CSA, and CE 
OOC5 OOC15 OOC24 
(S)MOOC5 (S)MODC15 (S)MODC24 
X40DC5 X40DC15 X40DC24 
5 15 24 
2.5 (4) 8.5 (10) 16.5 (18) 
7.5 (7.5) 20 (20) 30 5 (30.5) 
2.0 2.0 2.0 
10 10 11 
Solid sww Ii() switching rno(Jules ocliv-
er an electrically clean. photo- isolated. 
noiscAfrce " outpu:·· inrmface from 
logic level cuntroi systems to external 
loads such as motors. WJlves. solenoids, 
we. •· or an "input" interface from the 
load or sensors r.o rntcroproccssor or 
computer -l1aserJ logic level systems. 
Desi91·1ed for long. reliable service in 
demandirlg industri;~ ; erwirnnments. 
ODCSA OOC15A ODC24A 
(S)MODCSA (S)MODC15A (S)MODC24A 
X40DC5A X4DOC15A X40DC24A 
5 15 24 
2.5 (4) $.S (10) 16.5 (18) 
·---·--·~-··--~·--,~·-----.. --------
75 (7.5) 20 (20) 30.5 (30.5) 
2.0 2.0 20 
10 10 11 
................................. ---------·--·---·- ·········--- --
2l 20 15 27 20 15 
2<10 900 2 2K 240 900 2.2K 
24 24 24 100 100 100 ..................................... ····- ----- -·--·-··-- ......................... , .. ____ .............................. ----
HO 60 60 200 200 200 
-------<-<~w-------_,.,.,......_. __ ___,,. ... -.......-<....-- -
3 3 5 
GO GO GO 200 200 200 
1.0 1.0 1.0 2.0 2.0 2.0 
3 3 
10 10 10 10 10 10 
1" , :) 1.5 1.5 1.5 1 .5 1.5 
50 50 50 50 50 50 ·······---·· --·--------------
10 10 10 10 10 10 
100 100 100 100 100 100 
33 Above 2 !i' C 20 Above 60' C 
4A 4A 4A 4A 4A 4A 
m 998 CRY DOM CORP Spt:x:iflCat.1nns ~object to c1"'1nqo without notioo. 
S~n l)t.:::g0. \,A ~;?1?;1 · ~-:r«~l: :'>il!~'l4~ff~l~Gm tcnl 
WEB SIT£~ h!.(p :·,w1w.:;iytbm 1;~.:n1 Fl\STH'lX Ptodo~t Jnfo1malion: ~E!H V.P'-9Vi' 
UK: f14)ll'i?t' .9ll3CO • fol (4~P:20' ?.1?.ll.C Cryi1~n \:t(~O>;tt.'.:!'°'l Ltd,. ~- Ct:!:".O<J C/.Ac 
V·iCti~t:noge ~16.mr~) fat~lli" W~rih:x::~. Da::r.~ (ng;ci~ fif!ll $$'J 
GERMANY: (HIJ OiStli'~ 1(12$.20 · 182~85 (:r~ Gm~!. 
GM;Ub~it:; l:n StrlOChffl. j).lXjM;i Nu.'\k:!i::l'l<.:'!, i:e~!!;lfly • ~H'l'ldl: ~N\.!l'Jb~;i;,bm ~.;,.:;~ 
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Appendix E. Motorola MPX2010DP Pressure Sensor Data Sheet 
MOTOROLA 
SEMICONDUCTOR TECHNICAL DATA 
10 kPa On-Chip Temperature 
Compensated & Calibrated 
Silicon Pressure Sensors 
The MPX2010/MPXT201G series silicon piezcresistive pressure sensors provide a 
very accurate and linear voltage output - directly proportional to the applied pressure. 
These sensor$ house a single monolithic silicon die with lhe strain gauge and thin-film 
resistor network integrated on each chip. The sensor is laser trimmed for precise span , 
offset ('..alibration and temperature (X)rnpensHtion 
Order this document 
by MPX20101D 
MPX2010 
SERIES 
COMPENSATED 
PRESSURE SENSOR 
0 to 10 kPa (0 to 1.45 psi) 
FULL SCALE SPAN: 25 mv 
Features 
• Temperature Compensated over0°C to +85°C 
UNIBOOY PACKAGES 
MPX2010 
• Unique Silicon Shear Stmss Strain Gauge 
• Ratiometric to Supply Voltage 
• Differential and Gauge Options 
Application Examples 
• Respiratory Diagnostics 
• Air Movement Control 
• Controllers 
• Pressure Switching 
BASIC CHIP 
CARRIER ELEMENT 
CASE 344-15, STYLE 1 
DIFFERENTIAL 
PORT OPTION 
CASE 344C-01, STYLE 1 
PIN NUMBER 
3 
l ----------, 
THmFllt.i 
10.tf>f:HAnJRf 
COMf>ENSATION 
ANO 
CA!.1BfMflON 
CIRWITRY 
I 
11 
'---G_ro_,_m_a _ _,_ __ •V-'00"-,'--'---· Vs 
NOTE; Pin 1 i:;: the notched pin. 
I StNS!NG 
I tt.(Mf}<l 
I 
I '----
{iNO 
Figure 1. Temperature Compensated and Calibrated 
Pressure Sensor Schematic 
VOLTAGE OUTPUT versus APPLIED DIFFERENTIAL PRESSURE 
The output voltage of the differential or gauge sensor increases with increasing 
pressure applied to the pressure side (P 1) relaiive to the vacuum side (P2). Similarly, 
output voltage increases as •ncreasing vacuum is applied to tho vacuum side (P2) 
relative to tne pressure side (P 1 ). 
Figure 1 shows a block diagram of lhe internal circuitry on the stand-alone pressure 
sensor chip. 
REV8 ® MOTOROLif' 
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MPX2010 SERJES 
MAXIMUM RATINGS 
Rating Symbol Value 
75 
100 
OPERATING CHARACTERISTICS (Vs= 10Vdc, TA" 25·•c unla.sothruwise noted, P1 > P2) 
Characteristic Symbol Min Typ 
Pressure Rango(•) Pop 0 -
Supply Vo!laoet.•l Vs - 10 
Supply Current 1, - 6.0 
Full Scale SpanfJ) VF$S 24 25 
Offset\41 MPX2010 Von ... 1.Q -
MPXT2010 -1.0 -
S<msilivily tN!AP - 2.5 
linearity(Sl - -1.ll -
Prwsure Hysteresis(5l (0 to 1 O kPa) - - o'c0.1 
Temperawre Hysteresi$l0l (-40"C to •125'C) - - :t05 
Tempera1ure Effeci ¢11 Full Scale Span(5) TCVrss -1.0 -
Temperature Elfoot oo Offset(SJ TCV0n -1.0 -
Input lmpeda11¢e z,,, 1000 -
Output Impedance ~ 1400 -
Response nmetei (1Q% to 90%) "' - 1.0 Warm-Up - - tl Offsot Stabmty(91 - -
MECHANICAL CHARACTERISTICS 
NOTES: 
1. 1.0 !<?a (l<lloPascal) equals 0.145 psi. 
Unit 
kPo 
Max Unit 
10 kPa 
16 V<tc 
- mAdc 
26 mV 
1.0 mV 
1.0 
- mVlkPa 
1.0 %Vrs,~ 
- %Vrns 
- %VFsS 
1.0 %VFss 
1.0 mV 
2550 {I 
3000 1l 
- ms 
- rn& 
- %VFsa 
Z. Device ls ratlometric within this specified excilalion range. Operating the device above Uie specillild excitation mnge may Induce addttlollal 
error due lo de\lice self-hellting. 
3. Fun Scale Span (Vr-ss) is defined as !he algebraic d1ffere~ce bl!tw"""' the output voilag<i at full rated prnssure and the output voltage at !he 
minimum rated pressure. 
4. Offsoi (Vcl!) is defined as the outpot voltage at the minimum rated pressure. 
5. Accutacy (error budget) oonslsts of the folloWing: 
• Unearit\I'. Output deviation from a •iraighl line relationship wil!l pressur&. using end point method, DV<lr the ll!lecHied 
• Temperature Hysteresis: 
• Pressure Hysteresis: 
• TeSpan: 
• TcOffsel: 
pressure range. 
Output J<wlatlon at any temperature withln the operating temperature range, after the hlmperoture Is 
Cy('JOd to and from the minimum or maximum opar-attn9 temperature p~nls, with zero differential pressure 
applied. 
Output daviatloo al any prossure wtthln the specified range, "41en this pressure I• eycled to and frQm the 
minimum or maximum nlla-d pressure, at 2s~c. 
O<Jlµ<it <Jevlatloo al full roted pressure over the temperature range <>10 lo $5"C, relative 1o 25'C. 
Output deviation with minimum rated pressure applied. 0'1tilr the temperature range of 0 lo 85'C, relative 
toW'C. 
6. Response Time ls c:lefin0d as the lime for the incremental eha1199 in the output 1o go from 10% lo 90% of its final Yalue wh$11 subje(:led to 
a specified step change in pressure. 
7. Common mode pressures beyond spedfi<>d may result In leakage at the cas~ interface. 
a. Exposure beyond these limils may cause permanent daina9a or dagradotion to the device. 
9. Offs<>t stabil~y is the prouuers output deviation when subjected to 1000 liOUrs of Puisj)(j Pressure. Temperature Cycling with mas Test. 
2 Mo1orola Sensor Device Data 
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Appendix F. SAS Code for ANOV A Data Analysis 
DM 'log;clear;output;clear;'; 
OPTIONS formdlim='-' nocenter nonumber nodate ls=75;title; footnote; 
DATA pump; 
INPUT 
Obs Rep Freq Volt VMax VMin Vave PMax PM in PAve; 
v _ lin=volt; v _ lof=volt; 
DATALINES; 
1 1 0.5 10 0.391- 0.061 0.185 11.009 -15.180 -0.911 
2 1 0.5 20 0.439 0.014 0.210 13.790 -10.835 0.497 
3 1 0.5 30 0.514 0.026 0.357 18.136 -10.140 9.062 
4 1 0.5 40 0.478 0.022 0.240 16.050 -10.371 2.240 
5 1 0.5 50 0.521 0.093 0.341 18.541 -6.257 8.126 
6 1 0.5 60 0.523 0.103 0.325 18.657 -5.678 7.188 
7 1 0.5 70 0.603 0.138 0.370 23.292 -3.650 9.803 
8 1 0.5 80 0.575 0.173 0.373 21.670 -1.622 9.982 
9 1 0.5 90 0.580 0.211 0.420 21.960 0.580 12.709 
10 1 0.5 100 0.662 0.195 0.417 26.711 -0.348 12.542 
11 1 0.5 110 0.663 0.238 0.507 26.769 2.144 17.725 
12 1 0.5 120 0.646 0.205 0.458 25.784 0.232 14.888 
13 1 0.5 130 0.732 0.266 0.539 30.767 3.766 19.557 
14 1 1.0 10 0.447 -0.006 0.232 14.254 -11.994 1.805 
15 1 1.0 20 0.507 0.017 0.301 17.730 -10.661 5.778 
16 1 1.0 30 0.475 0.076 0.345 15.876 -7.242 8.335 
17 1 1.0 40 0.524 0.120 0.376 18.715 -4.693 10.159 
18 1 1.0 50 0.501 0.075 0.303 17.382 -7.300 5.933 
19 1 1.0 60 0.531 0.112 0.376 19.121 -5.157 10.151 
20 1 1.0 70 0.588 0.121 0.410 22.423 -4.635 12.137 
21 1 1.0 80 0.575 0.210 0.421 21.670 0.522 12.747 
22 1 1.0 90 0.627 0.211 0.397 24.683 0.580 11.369 
23 1 1.0 100 0.644 0.251 0.501 25.668 2.897 17.369 
24 1 1.0 110 0.773 0.305 0.532 33.142 6.026 19.168 
25 1 1.0 120 0.724 0.321 0.507 30.303 6.953 17.744 
26 1 1.0 130 0.731 0.361 0.551 30.709 9.271 20.269 
27 1 2.0 10 0.417 0.002 0.209 12.515 -11.530 0.475 
28 1 2.0 20 0.448 0.036 0.225 14.312 -9.560 1.364 
29 1 2.0 30 0.511 0.099 0.367 17.962 -5.910 9.634 
30 1 2.0 40 0.535 0.137 0.327 19.352 -3.708 7.282 
31 1 2.0 50 0.546 0.162 0.332 19.990 -2.260 7.606 
32 1 2.0 60 0.571 0.159 0.402 21.438 -2.433 11.653 
33 1 2.0 70 0.620 0.198 0.424 24.277 -0.174 12.893 
34 1 2.0 80 0.616 0.240 0.429 24.046 2.260 13.192 
35 1 2.0 90 0.658 0.272 0.510 26.479 4.114 17.881 
36 1 2.0 100 0.708 0.251 0.504 29.376 2.897 17.573 
37 1 2.0 110 0.822 0.323 0.582 35.982 7.069 22.070 
38 1 2.0 120 0.781 0.315 0.559 33.606 6.605 20.749 
39 1 2.0 130 0.802 0.394 0.551 34.823 11.183 20.256 
40 1 4.0 10 0.410 -0.003 0.201 12.110 -11.820 -0.016 
41 1 4.0 20 0.490 0.062 0.293 16.745 -8.054 5.354 
111 
112 
42 1 4.0 30 0.550 0.108 0.331 20.222 -5.388 7.558 
43 1 4.0 40 0.560 0.158 0.390 20.801 -2.491 10.944 
44 1 4.0 50 0.561 0.177 0.377 20.859 -1.390 10.213 
45 1 4.0 60 0.584 0.166 0.399 22.192 -2.028 11.499 
46 1 4.0 70 0.615 0.240 0.449 23.988 2.260 14.361 
47 1 4.0 80 0.616 0.194 0.414 24.046 -0.405 12.333 
48 1 4.0 90 0.677 0.260 0.469 27.580 3.419 15.524 
49 1 4.0 100 0.721 0.280 0.596 30.129 4.577 22.858 
50 1 4.0 110 0.751 0.362 0.560 31.868 9.329 20.795 
51 1 4.0 120 0.695 0.307 0.494 28.623 6.142 16.982 
52 1 4.0 130 0.813 0.388 0.588 35.460 10.835 22.416 
53 2 0.5 10 0.401 -0.031 0.208 11.588 -13.442 0.378 
54 2 0.5 20 0.439 0.020 0.254 13.790 -10.487 3.086 
55 2 0.5 30 0.517 0.037 0.319 18.309 -9.502 6.837 
56 2 0.5 40 0.458 0.047 0.326 14.891 -8.923 7.266 
57 2 0.5 50 0.511 0.033 0.251 17.962 -9.734 2.896 
58 2 0.5 60 0.520 0.081 0.324 18.483 -6.953 7.150 
59 2 0.5 70 0.522 0.134 0.351 18.599 -3.882 8.675 
60 2 0.5 80 0.544 0.076 0.365 19.874 -7.242 9.508 
61 2 0.5 90 0.612 0.241 0.409 23.814 2.318 12.077 
62 2 0.5 100 0.618 0.190 0.422 24.162 -0.637 12.830 
63 2 0.5 110 0.621 0.175 0.493 24.335 -1.506 16.945 
64 2 0.5 120 0.785 0.315 0.555 33.838 6.605 20.536 
65 2 0.5 130 0.737 0.355 0.565 31.057 8.923 21.087 
66 2 1.0 10 0.404 -0.037 0.135 11.762 -13.790 -3.833 
67 2 1.0 20 0.499 0.004 0.253 17.267 -11.414 3.032 
68 2 1.0 30 0.450 0.014 0.259 14.427 -10.835 3.346 
69 2 1.0 40 0.483 0.097 0.312 16.340 -6.026 6.455 
70 2 1.0 50 0.531 0.108 0.282 19.121 -5.388 4.720 
71 2 1.0 60 0.541 0.101 0.295 19.700 -5.794 5.454 
72 2 1.0 70 0.567 0.082 0.338 21.207 -6.895 7.916 
73 2 1.0 80 0.553 0.104 0.359 20.395 -5.620 9.173 
74 2 1.0 90 0.577 0.224 0.456 21.786 1.333 14.800 
75 2 1.0 100 0.611 0.209 0.456 23.756 0.464 14.773 
76 2 1.0 110 0.663 0.270 0.498 26.769 3.998 17.234 
77 2 1.0 120 0.715 0.238 0.475 29.782 2.144 15.894 
78 2 1.0 130 0.728 0.311 0.466 30.535 6.374 15.357 
79 2 2.0 10 0.416 0.034 0.193 12.457 -9.676 -0.472 
80 2 2.0 20 0.513 0.047 0.273 18.078 -8.923 4.195 
81 2 2.0 30 0.532 0.138 0.325 19.179 -3.650 7.179 
82 2 2.0 40 0.524 0.141 0.355 18.715 -3.476 8.917 
83 2 2.0 50 0.583 0.145 0.380 22.134 -3.245 10.399 
84 2 2.0 60 0.576 0.193 0.424 21.728 -0.463 12.893 
85 2 2.0 70 0.580 0.231 0.454 21.960 1.738 14.682 
86 2 2.0 80 0.652 0.270 0.459 26.132 3.998 14.935 
87 2 2.0 90 0.640 0.251 0.481 25.436 2.897 16.225 
88 2 2.0 100 0.701 0.330 0.523 28.971 7.475 18.635 
89 2 2.0 110 0.707 0.341 0.545 29.318 8.112 19.909 
90 2 2.0 120 0.780 0.407 0.618 33.548 11.936 24.167 
91 2 2.0 130 0.825 0.464 0.623 36.155 15.239 24.442 
92 2 4.0 10 0.404 -0.016 0.212 11.762 -12.573 0.616 
93 2 4.0 20 0.466 0.047 0.262 15.355 -8.923 3.547 
94 2 4.0 30 0.484 0.087 0.484 16.397 -6.605 16.397 
95 2 4.0 40 0.559 0.188 0.380 20.743 -0.753 10.356 
113 
96 2 4.0 50 0.541 0.154 0.371 19.700 -2.723 9.873 
97 2 4.0 60 0.598 0.191 0.418 23.003 -0.579 12.555 
98 2 4.0 70 0.650 0.258 0.474 26.016 3.303 15.798 
99 2 4.0 80 0.654 0.258 0.465 26.247 3.303 15.290 
100 2 4.0 90 0.706 0.273 0.496 29.260 4.172 17.093 
101 2 4.0 100 0.725 0.291 0.517 30.361 5.215 18.322 
102 2 4.0 110 0.745 0.321 0.580 31.520 6.953 21.947 
103 2 4.0 120 0.792 0.399 0.595 34.243 11.472 22.828 
104 2 4.0 130 0.847 0.408 0.710 37.430 11.994 29.516 
105 3 0.5 10 0.399 -0.002 0.197 11.472 -11.762 -0.230 
106 3 0.5 20 0.437 0.014 0.215 13.674 -10.835 0.820 
107 3 0.5 30 0.496 0.035 0.278 17.093 -9.618 4.448 
108 3 0.5 40 0.509 0.086 0.293 17.846 -6.663 5.339 
109 3 0.5 50 0.518 0.106 0.308 18.367 -5.504 6.196 
110 3 0.5 60 0.532 0.093 0.331 19.179 -6.257 7.505 
111 3 0.5 70 0.545 0.117 0.329 19.932 -4.867 7.389 
112 3 0.5 80 0.585 0.200 0.373 22.249 -0.058 9.982 
113 3 0.5 90 0.564 0.210 0.423 21.033 0.522 12.875 
114 3 0.5 100 0.601 0.219 0.414 23.177 1.043 12.319 
115 3 0.5 110 0.652 0.271 0.474 26.132 4.056 15.813 
116 3 0.5 120 0.686 0.294 0.473 28.102 5.389 15.736 
117 3 0.5 130 0.703 0.335 0.513 29.087 7.764 18.060 
118 3 1.0 10 0.396 -0.005 0.221 11.299 -11.936 1.175 
119 3 1.0 20 0.453 0.049 0.204 14.601 -8.807 0.180 
120 3 1.0 30 0.479 0.066 0.247 16.108 -7.822 2.693 
121 3 1.0 40 0.516 0.107 0.300 18.252 -5.446 5.718 
122 3 1.0 50 0.590 0.194 0.360 22.539 -0.405 9.201 
123 3 1.0 60 0.491 0.093 0.242 16.803 -6.257 2.381 
124 3 1.0 70 0.556 0.142 0.352 20.569 -3.418 8.750 
125 3 1.0 80 0.557 0.169 0.414 20.627 -1.854 12.322 
126 3 1.0 90 0.556 0.179 0.351 20.569 -1.275 8.693 
127 3 1.0 100 0.609 0.202 0.406 23.640 0.058 11.871 
128 3 1.0 110 0.590 0.219 0.448 22.539 1.043 14.324 
129 3 1.0 120 0.705 0.329 0.476 29.202 7.417 15.922 
130 3 1.0 130 0.714 0.318 0.500 29.724 6.779 17.307 
131 3 2.0 10 0.381 0.018 0.128 10.430 -10.603 -4.210 
132 3 2.0 20 0.493 0.044 0.248 16.919 -9.097 2.718 
133 3 2.0 30 0.542 0.135 0.313 19.758 -3.824 6.461 
134 3 2.0 40 0.536 0.135 0.340 19.410 -3.824 8.069 
135 3 2.0 50 0.530 0.130 0.338 19.063 -4.114 7.951 
136 3 2.0 60 0.571 0.168 0.412 21.438 -1.912 12.204 
137 3 2.0 70 0.584 0.197 0.409 22.192 -0.232 12.071 
138 3 2.0 80 0.628 0.236 0.461 24.741 2.028 15.051 
139 3 2.0 90 0.660 0.228 0.429 26.595 1.565 13.209 
140 3 2.0 100 0.704 0.299 0.500 29.144 5.678 17.320 
141 3 2.0 110 0.725 0.305 0.527 30.361 6.026 18.915 
142 3 2.0 120 0.812 0.388 0.610 35.402 10.835 23.676 
143 3 2.0 130 0.894 0.490 0.662 40.153 16.745 26.692 
144 3 4.0 10 0.348 -0.057 0.112 8.517 -14.949 -5.135 
145 3 4.0 20 0.434 0.013 0.288 13.500 -10.893 5.061 
146 3 4.0 30 0.463 0.092 0.295 15.181 -6.315 5.435 
147 3 4.0 40 0.483 0.076 0.251 16.340 -7.242 2.880 
148 3 4.0 50 0.559 0.176 0.321 20.743 -1.448 6.939 
149 3 4.0 60 0.564 0.194 0.419 21.033 -0.405 12.646 
150 3 4.0 70 0.656 0.258 0.447 26.363 3.303 14.272 
151 3 4.0 80 0.649 0.249 0.476 25.958 2.781 15.962 
152 3 4.0 90 0.673 0.289 0.457 27.348 5.099 14.842 
153 3 4.0 100 0.740 0.334 0.537 31.230 7.706 19.460 
154 3 4.0 110 0.766 0.397 0.587 32.737 11.357 22.345 
155 3 4.0 120 0.806 0.413 0.641 35.054 12.284 25.507 
156 3 4.0 130 0.863 0.446 0.664 38.357 14.196 26.826 
PROC PRINT DATA=pump nobs; RUN; 
PROC GLM DATA=pump; where freq ge 2; 
CLASS rep freq volt v _lof; 
MODEL vmax =rep freq rep*freq volt volt*freq; 
MODEL vmax =rep freq rep*freq v_lin v_lofv_lin*freq v_lof*freq; 
TEST H=freq E=rep*freq; 
LSMEANS freq I STDERR E=rep*freq; 
LSMEANS volt freq*volt/STDERR; 
RUN; QUIT; 
PROCREG; 
MODEL vmax=volt; 
PLOT p. * volt ; 
RUN;QUIT;*/ 
PROC SORT DATA=pump; BY volt freq; RUN; 
PROC MEANS DATA=pump NOPRINT; BY volt freq; VAR vmax; 
OUTPUT OUT=averages mean= ; RUN; QUIT; 
PROC PRINT DATA=averages; VAR volt freq vmax; RUN; 
PROC GLM DATA=averages; 
MODEL vmax = volt freq ; 
RUN; QUIT; 
PROC GLM DATA=pump; 
MODEL vmax =volt ; 
RUN; QUIT;; 
PROC GLM DATA=pump; 
MODEL vmax = freq ; 
RUN; QUIT;; 
PROC GLM DATA=pump; 
MODEL vmax =volt freq ; 
RUN; QUIT;; 
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The SAS System 
Obs Rep Freq Volt VMax VMin Vave PMax PM in PAve 
4 
5 
6 
1 
8 
1 0 
11 
1 2 
1 3 
14 
1 5 
1 6 
11 
1 8 
1 9 
2 0 
2 1 
2 2 
2 3 
24 
2 5 
2 6 
21 
2 8 
2 9 
3 0 
3 1 
3 2 
3 3 
34 
3 5 
3 6 
31 
3 8 
3 9 
40 
41 
42 
43 
44 
45 
46 
41 
48 
4 9 
5 0 
5 1 
5 2 
5 3 
54 
1 
2 
0 . 5 
0 . 5 
0.5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0.5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
4. 0 
4. 0 
4. 0 
4. 0 
4. 0 
4. 0 
4. 0 
4. 0 
4.0 
4. 0 
4.0 
4.0 
4.0 
0 . 5 
0 . 5 
1 0 0 . 3 9 1 -0.061 0.185 11.009 -15.180 
20 0.439 0.014 0.210 13.790 -10.835 
30 0.514 0.026 0.351 18.136 -10.140 
40 0.418 0.022 0.240 16.050 -10.311 
50 0.521 0.093 0.341 18.541 -6.257 
60 0.523 0.103 0.325 18.651 -5.678 
10 0.603 0.138 0.310 23.292 -3.650 
80 0.515 0.113 0.313 21.670 -1.622 
90 0.580 0.211 0.420 21.960 0.580 
100 0.662 0.195 0.411 26.711 -0.348 
110 0.663 0.238 0.501 26.169 2.144 
120 0.646 0.205 0.458 25.184 0.232 
130 0.132 0.266 0.539 30.161 3.166 
10 0.441 -0.006 0.232 14.254 -11.994 
20 0.501 0.011 0.301 11.130 -10.661 
30 0.415 0.016 0.345 15.876 -7.242 
40 0.524 0.120 0.316 18.715 -4.693 
50 0.501 0.015 0.303 17.382 -7.300 
60 0.531 0.112 0.316 19.121 -5.157 
10 0.588 0.121 0.410 22.423 -4.635 
80 0.515 0.210 0.421 21.670 0.522 
90 0.621 0.211 0.391 24.683 0.580 
100 0.644 0.251 0.501 25.668 2.897 
110 0.113 0.305 0.532 33. 142 6.026 
120 0.124 0.321 0.507 30.303 6.953 
130 0.131 0.361 0.551 30.709 9.271 
1 0 0 . 4 11 0.002 0.209 12.515 -11.530 
20 0.448 0.036 0.225 14.312 -9.560 
3 0 0 . 5 1 1 0.099 0.367 17.962 -5.910 
40 0.535 0. 137 0.327 19.352 -3.708 
50 0.546 0.162 0.332 19.990 -2.260 
60 0.511 0. 159 0.402 21 .438 -2.433 
10 0.620 0. 198 0.424 24.211 -0.114 
80 0.616 0.240 0.429 24.046 2.260 
90 0.658 0.212 0.510 26.479 4.114 
100 0.108 0.251 0.504 29.316 2.891 
110 0.822 0.323 0.582 35.982 1.069 
120 0.181 0.315 0.559 33.606 6.605 
130 0.802 0.394 0.551 34.823 11.183 
1 0 0 . 4 1 0 -0.003 0.201 12.110 -11.820 
20 0.490 0.062 0.293 16.145 -8.054 
30 0.550 0.108 0.331 20.222 -5.388 
40 0.560 0.158 0.390 20.801 -2.491 
50 0.561 0.111 0.311 20.859 -1.390 
60 0.584 0.166 0.399 22. 192 -2.028 
10 0.615 0.240 0.449 23.988 2.260 
80 0.616 0. 194 0.414 24.046 -0.405 
90 0.611 0.260 0.469 27.580 3.419 
100 0.121 0.280 0.596 30.129 4.577 
1 1 0 0 . 1 5 1 0.362 0.560 31.868 9.329 
120 0.695 0.307 0.494 28.623 6. 142 
130 0.813 0.388 0.588 35.460 10.835 
10 0.401 -0.031 0.208 11.588 -13.442 
20 0.439 0.020 0.254 13.790 -10.487 
- 0 . 9 1 1 
0.497 
9 . 0 6 2 
2.240 
8 . 1 2 6 
1 . 1 8 8 
9 . 8 0 3 
9 . 9 8 2 
1 2 . 1 0 9 
1 2 . 5 4 2 
11.725 
1 4. 8 8 8 
1 9 . 5 5 1 
1 . 8 0 5 
5. 718 
8 . 3 3 5 
1 0 . 1 5 9 
5 . 9 3 3 
1 0 . 151 
12. 131 
1 2 . 7 4 1 
1 1 . 3 6 9 
17.369 
1 9 . 1 6 8 
17.144 
20. 269 
0.475 
1 . 3 6 4 
9.634 
1 . 2 8 2 
1 . 6 0 6 
1 1 . 6 5 3 
1 2 . 8 9 3 
1 3 . 1 9 2 
1 7 . 8 8 1 
11. 513 
22. 070 
20.149 
20.256 
- 0 . 0 1 6 
5. 354 
1 . 5 5 8 
1 0 . 9 4 4 
1 0 . 2 1 3 
1 1 . 4 9 9 
1 4. 3 6 1 
1 2 . 3 3 3 
1 5 . 5 2 4 
22.858 
20.795 
1 6 . 9 8 2 
2 2 . 4 1 6 
0. 318 
3.086 
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5 5 
5 6 
5 7 
5 8 
5 9 
6 0 
6 1 
6 2 
6 3 
64 
6 5 
6 6 
6 7 
6 8 
6 9 
7 0 
7 1 
7 2 
73 
74 
7 5 
7 6 
77 
7 8 
7 9 
8 0 
8 1 
8 2 
8 3 
84 
8 5 
8 6 
8 7 
8 8 
8 9 
9 0 
9 1 
9 2 
9 3 
94 
9 5 
9 6 
9 7 
9 8 
9 9 
1 0 0 
1 0 1 
1 0 2 
1 0 3 
104 
1 0 5 
1 0 6 
1 0 7 
1 0 8 
1 0 9 
1 1 0 
111 
1 1 2 
1 1 3 
11 4 
1 1 5 
1 1 6 
1 1 7 
1 1 8 
2 
2 
2 
. 5 
0 . 
0 . 5 
0 . 5 
0 . 
. 5 
0 . 
0 . 
0 . 5 
0 . 5 
0 . 5 
1 . 0 
1 . 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
. 0 
2 . 
2 . 
2 . 
2 . 0 
2 . 0 
2 . 0 
2 . 
2 . 
2 . 
2 . 
2 . 
2 . 0 
2 . 
4. 
4. 
4.0 
4. 
4. 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4. 0 
. 5 
0 . 
0 . 
0 . 5 
0 . 5 
0 . 5 
0 . 
0 . 
0 . 5 
. 5 
0 . 
0 . 5 
. 5 
1 . 0 
3 0 . 5 1 7 
40 0.458 
5 0 0 . 5 1 1 
60 .520 
70 0.522 
80 . 544 
9 0 . 6 1 2 
100 0.618 
1 1 0 . 6 2 1 
120 0.785 
130 0.737 
1 0 . 4 0 4 
20 .499 
30 .450 
40 . 483 
5 0 . 5 3 1 
6 0 . 5 4 1 
70 .567 
80 .553 
90 0.577 
1 0 0 . 6 1 1 
1 1 0 . 6 6 3 
120 0.715 
130 0.728 
1 0 0 . 4 1 6 
20 0.513 
30 0.532 
40 . 524 
50 .583 
60 0.576 
70 .580 
80 0.652 
90 . 640 
1 0 0 . 7 0 1 
110 .707 
120 0.780 
130 0.825 
10 0.404 
20 .466 
30 . 484 
40 0.559 
50 0.541 
60 .598 
70 . 650 
80 .654 
90 .706 
100 .725 
110 0.745 
120 0.792 
130 .847 
1 0 . 3 9 9 
20 .437 
30 .496 
40 0.509 
50 0.518 
60 0.532 
70 .545 
80 .585 
90 . 564 
1 0 0 . 6 0 1 
110 0.652 
120 0.686 
130 .703 
10 0.396 
.037 .319 18.309 -9.502 
.047 0.326 14.891 -8.923 
.033 .251 17.962 -9.734 
.081 .324 18.483 -6.953 
0.134 0.351 18.599 -3.882 
.076 .365 19.874 -7.242 
0.241 .409 23.814 .318 
0.190 .422 24.162 -0.637 
0.175 0.493 24.335 -1.506 
.315 .555 33.838 6.605 
.355 .565 31.057 8.923 
-0.037 0.135 11.762 -13.790 
.004 .253 17.267 -11.414 
.014 .259 14.427 -10.835 
0.097 0.312 16.340 -6.026 
0.108 0.282 19.121 -5.388 
0.101 0.295 19.700 -5.794 
.082 0.338 21.207 -6.895 
0.104 0.359 20.395 -5.620 
0.224 0.456 21.786 .333 
.209 .456 23.756 0.464 
.270 .498 26.769 3.998 
.238 .475 29. 782 2. 144 
. 3 1 1 . 4 6 6 30.535 6.374 
.034 0.193 12.457 -9.676 
.047 .273 18 078 -8.923 
0.138 0.325 19.179 -3.650 
0.141 .355 18.715 -3.476 
0.145 .380 22.134 
0.193 0.424 21.728 
.231 0.454 21.960 
.270 .459 26.132 
.251 .481 25.436 
.330 .523 28.971 
.341 .545 29.318 
.407 .618 33.548 
0.464 .623 
-0.016 0.212 
.047 0.262 
0.087 .484 
0.188 .380 
0.154 .371 
0.191 .418 
.258 0.474 
.258 .465 
.273 .496 
. 2 9 1 . 5 1 7 
0.321 0.580 
0.399 0.595 
.408 .710 
-0.002 0.197 
. 0 1 4 . 2 1 5 
.035 0.278 
.086 0.293 
0.106 0.308 
.093 .331 
0.117 0.329 
0.200 0.373 
0.210 0.423 
0.219 0.414 
0.271 .474 
0.294 .473 
0.335 .513 
-0.005 0.221 
3 6 . 1 5 5 
11.762 
15.355 
1 6 . 3 9 7 
20.743 
1 9 . 7 0 0 
2 3 0 0 3 
2 6 . 0 1 6 
26.247 
29.260 
3 0 . 3 6 1 
31.520 
34. 243 
37.430 
1 1 . 4 7 2 
1 3 . 6 7 4 
17.093 
17.846 
1 8 . 3 6 7 
1 9 . 1 7 9 
1 9 . 9 3 2 
22.249 
21.033 
23.177 
2 6 . 1 3 2 
2 8 . 1 0 2 
2 9 0 8 7 
1 1 . 2 9 9 
-3.245 
-0.463 
1. 73 8 
3. 9 9 8 
. 8 9 7 
.475 
8 . 1 1 2 
11.936 
1 5 . 2 3 9 
-12.573 
-8.923 
-6.605 
-0.753 
-2.723 
-0.579 
3 . 3 0 3 
3 . 3 0 3 
4 . 1 7 2 
5 . 2 1 5 
. 9 5 3 
1 1 . 4 7 2 
11.994 
-11.762 
-10.835 
-9.618 
-6.663 
-5.504 
-6.257 
-4.867 
-0.058 
0 . 5 2 2 
1. 0 4 3 
4 . 0 5 6 
. 3 8 9 
. 764 
-11.936 
. 8 3 7 
7. 2 6 6 
. 8 9 6 
7. 1 5 0 
8 . 6 7 5 
9 . 5 0 8 
1 2 0 77 
1 2 . 8 3 0 
16.945 
20.536 
21.087 
-3.833 
3. 0 3 2 
3. 3 4 6 
. 4 5 5 
4 . 7 2 0 
5.454 
. 9 1 6 
9 . 1 73 
1 4. 8 0 0 
14.773 
17.234 
1 5 . 8 9 4 
15.357 
-0.472 
4. 1 9 5 
7. 1 7 9 
8 . 9 1 7 
1 0 . 3 9 9 
1 2 . 8 9 3 
1 4 . 6 8 2 
1 4 . 9 3 5 
1 6 . 2 2 5 
18.635 
1 9 . 9 0 9 
2 4 . 1 6 7 
24.442 
0 . 6 1 6 
3. 5 4 7 
1 6 . 3 9 7 
1 0 . 3 5 6 
9. 8 73 
1 2 . 5 5 5 
1 5 . 7 9 8 
1 5 . 2 9 0 
17.093 
1 8 . 3 2 2 
2 1 . 9 4 7 
22.828 
29.516 
-0.230 
0 . 8 2 0 
4.448 
5 . 3 3 9 
6 . 1 9 6 
7. 5 0 5 
7. 3 8 9 
9 . 9 8 2 
1 2 . 8 7 5 
1 2 . 3 1 9 
1 5 . 8 1 3 
1 5. 73 6 
1 8 . 0 6 0 
1. 1 7 5 
116 
11 9 
1 2 0 
1 2 1 
1 2 2 
1 2 3 
124 
1 2 s 
1 2 6 
121 
1 2 8 
1 2 9 
1 3 0 
131 
1 3 2 
1 3 3 
134 
1 3 s 
1 3 6 
131 
1 3 8 
1 3 9 
1 4 0 
14 1 
1 4 2 
1 4 3 
144 
1 4 s 
1 4 6 
141 
1 4 8 
14 9 
1 s 0 
1s1 
1 s 2 
1 s 3 
1s4 
1 s s 
1 s 6 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
1 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
2 . 0 
4.0 
4.0 
4.0 
4.0 
4. 0 
4.0 
4. 0 
4.0 
4.0 
4.0 
4. 0 
4. 0 
4.0 
The SAS System 
20 0.4S3 
30 0.479 
40 O.S16 
so O.S90 
60 0.491 
10 O.SS6 
80 O.SS7 
90 0.SS6 
100 0.609 
110 O.S90 
120 0.70S 
130 0.714 
1 0 0 . 3 8 1 
20 0.493 
30 O.S42 
40 O.S36 
so O.S30 
60 O.S71 
10 O.S84 
80 0.628 
90 0.660 
100 0.704 
110 0.72S 
120 0.812 
130 0.894 
10 0.348 
20 0.434 
30 0.463 
40 0.483 
so O.SS9 
60 O.S64 
10 0.6S6 
80 0.649 
90 0.613 
100 0.140 
110 0.166 
120 0.806 
130 0.863 
The MEANS Procedure 
.049 0.204 14.601 -8.807 
.066 0.247 16.108 -7.822 
0.107 0.300 18.2S2 -S.446 
0. 194 0.360 22.S39 -0.40S 
0.093 0.242 16.803 -6.2S7 
0. 142 0.3S2 20.S69 - 3 . 4 1 8 
0. 169 0.414 20.627 - 1 . 8 s 4 
0.119 0.3S1 20.S69 - 1 . 21 S 
0.202 0.406 23.640 O.OS8 
0.219 0.448 22.S39 1.043 
0.329 0.416 29.202 1.411 
0.318 o.soo 29.124 6.719 
0.018 0. 128 10.430 -10.603 
0.044 0.248 16.919 -9.097 
0. 13S 0.313 19.1S8 -3.824 
0. 13S 0.340 19.410 -3.824 
0.130 0.338 19.063 -4.114 
0.168 0.412 21.438 -1.912 
0. 191 0.409 22. 192 -0.232 
0.236 0.461 24.141 2.028 
0.228 0.429 26.S9S 1.S6S 
0.299 o.soo 29. 144 S.678 
0.30S O.S21 30.361 6.026 
0.388 0.610 3S.402 10.83S 
0.490 0.662 40. 1S3 16.14S 
-O.OS1 0.112 8.S11 -14.949 
0.013 0.288 13.SOO -10.893 
0.092 0.29S 1S.181 -6.31S 
0.016 0.2S1 16.340 -1.242 
0. 116 0.321 20.743 -1 .448 
0. 194 0.419 21 .033 -0.40S 
0.2S8 0.447 26.363 3.303 
0.249 0.416 2S.9S8 2.181 
0.289 0.4S7 21.348 S.099 
0.334 O.S31 31.230 
0.391 O.S81 32.131 
0.413 0.641 3S.OS4 
0.446 0.664 38.3S1 
1. 1 0 6 
1 1 . 3 s 1 
1 2 . 2 8 4 
1 4 . 1 9 6 
0 . 1 8 0 
2 . 6 9 3 
s . 11 8 
9 . 2 0 1 
2 . 3 8 1 
8 . 1 s 0 
1 2 . 3 2 2 
8 . 6 9 3 
1 1 . 8 11 
1 4. 3 2 4 
1 s . 9 2 2 
11.307 
- 4. 2 1 0 
2 . 11 8 
6 . 4 6 1 
8 . 0 6 9 
1 . 9 s 1 
1 2 . 2 0 4 
1 2 . 0 11 
1 s . 0 s 1 
1 3 . 2 0 9 
11.320 
1 8 . 9 1 s 
23.616 
26.692 
-S. 13S 
s . 0 6 1 
S.43S 
2.880 
6 . 9 3 9 
1 2 . 6 4 6 
14. 212 
1 s . 9 6 2 
1 4 . 8 4 2 
1 9 . 4 6 0 
22.34S 
2S.S07 
26. 826 
Variable N Mean Std Dev Minimum Maximum 
ffffffffff fff fffffffffffffffffffffffff ff!f !fffff ffffffffffffffffffffffffff 
Obs 1S6 78.SOOOOOO 4S. 1774280 1 .0000000 1S6.0000000 
Rep 
F r e q 
Vol t 
VMax 
VMin 
Vave 
PM ax 
PM in 
1 s 6 
1s6 
1 s 6 
1 s 6 
1 s 6 
1 s 6 
1 s 6 
1 s 6 
2. 0000000 
1. 87SOOOO 
10. 0000000 
0. S920641 
0. 1796S38 
0.3916414 
22. 6S87949 
-1.2366282 
0.8191262 
1.3441928 
31. S310184 
0.1161031 
0.1223919 
0.1223614 
6.1211S1S 
1.091S323 
1. 0000000 
O.SOOOOOO 
10. 0000000 
0.3480000 
-0.0610000 
0.1120000 
8.S110000 
-1S.1800000 
3. 0000000 
4.0000000 
130.0000000 
0. 8940000 
0.4900000 
0.1100000 
40. 1S30000 
16 .14SOOOO 
PAve 1S6 11.3949SS1 1.0871911 -S.13SOOOO 29.S160000 
fffffffffffff fffffffffffffffffffffffff ffff fffffffffffffffffffffffffff fffff 
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The SAS System 
The GLM Procedure 
Class Level Information 
C l a s s Levels 
Rep 
F r e q 4 
v 0 l t 1 3 
Number of observations 
The SAS System 
The GLM Procedure 
Dependent Variable VMax 
Source 
Model ( r - 1 ) 
E r r o r ( n - r ) 
Corrected Total ( n - 1 ) 
R-Square c 0 ef f Va r 
0.958037 5.104350 
Source 
Rep 
F r e q 
Rep*freq 
v 0 l t 
Freq*Volt 
Source 
Rep 
F r e q 
Rep*freq 
v 0 l t 
Freq*Volt 
Values 
. 5 2 4 
10 20 30 40 50 60 10 80 90 100 110 120 130 
1 5 6 
0 F 
5 9 
9 6 
1 5 5 
Sum o f 
Squares 
2.00113156 
0.08161119 
.08940936 
Mean Square 
0.03392765 
0.00091331 
Ro o t MSE VMax Mean 
0. 030221 0 . 592064 
0 F Type SS Mean Square 
0 . 00290924 0.00145462 
0 . 12135438 0.04045146 
6 0 . 00656496 0.00109416 
1 2 .80488903 0 . 15040142 
]._§_ 0 . 06601395 0.00183372 
r = 6 0 
OF Type I I I SS Mean Square 
0 . 00290924 0 . 00145462 
3 0 . 12135438 0 . 04045146 
6 0 . 00656496 0 . 00109416 
1 2 1 .80488903 0 . 15040142 
3 6 .06601395 0 . 00183372 
Value Pr> F 
3 1. 1 5 <.0001 
Value pr > F 
. 5 9 0.2087 
44. 2 9 < . 0 0 0 1 
1 . 2 0 0 . 3 1 4 0 
1 6 4. 6 8 <.0001 
2 . 0 1 0.0038 
Value pr > F 
. 5 9 0.2087 
44. 2 9 < . 0 0 0 1 
1 . 2 0 0. 3140 
164 . 6 8 < . 0 0 0 1 
2 . 0 1 0. 0 0 38 
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The GLM Procedure 
Dependent Variable: VMax 
Tests of Hypotheses Using the Type 111 MS for Rep•Freq as an Error Term 
Source 
Freq 
The SAS System 
The GLM Procedure 
Least Squares Means 
D F 
3 
Type Ill SS Mean Square Value Pr > F 
0.12135438 0.04045146 36.97 0.0003 
Standard Errors and Probabilities Calculated Using the Type Ill MS for 
Rep•Freq as an Error Term 
Standard 
Freq VMax LSMEAN E r r o r pr > I t I 
0.5 0. 55991436 0.00529613 < . 0 0 0 1 
0. 56814359 0. 00529613 < . 0 0 0 1 
0.61856410 0. 00529613 < • 0 0 0 1 
4 0. 62091436 0. 00529613 < . 0 0 0 1 
The SAS System 
The GLM Procedure 
Least Squares Means 
Vol t 
1 0 
2 0 
3 0 
40 
5 0 
6 0 
1 0 
8 0 
9 0 
1 0 0 
1 1 0 
1 2 0 
1 3 0 
F r e q 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0.5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 
VMax LSMEAN 
Standard 
E r r o r Pr > I t I 
0.40116667 
0.46816667 
0.50108333 
0.51315000 
0.54100000 
0.55016667 
0. 59050000 
0. 60033333 
0. 62750000 
0. 67033333 
0. 70650000 
0.14391667 
0.78241667 
0.00812406 
0. 00872406 
0. 00872406 
0.00872406 
0. 00872406 
0. 00872406 
0. 00872406 
0. 00872406 
0.00872406 
0. 00872406 
0. 00872406 
0. 00872406 
0. 00872406 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
Vol t VMax LSMEAN 
Standard 
E r r o r 
1 0 
2 0 
3 0 
40 
5 0 
6 0 
1 0 
8 0 
9 0 
1 0 0 
11 0 
1 2 0 
0.39700000 
0.43833333 
0. 50900000 
0.48166667 
0.51666667 
0. 52500000 
0.55666667 
0.56800000 
0. 58533333 
0.62700000 
0. 64533333 
0. 70566667 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
0.01144812 
pr > I t I 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< • 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
< . 0 0 0 1 
119 
120 
0.5 1 3 0 0.72400000 0.01144812 c.0001 
1 0 0.41566667 0.01144812 c.0001 
2 0 0.48633333 0.01144812 c.0001 
3 0 0.46800000 0.01144812 c.0001 
40 0. 50166667 0.01144812 c.0001 
5 0 0. 54066667 0.01144812 c.0001 
6 0 0.52100000 0.01144812 c.0001 
1 0 0.57033333 0.01144812 c.0001 
8 0 0.56166667 0.01144812 c.0001 
9 0 0.58666667 0.01144812 c.0001 
1 0 0 0.62133333 0.01144812 c.0001 
1 1 0 0.67533333 0.01144812 c.0001 
1 2 0 0. 71466667 0.01144812 c.0001 
1 3 0 0. 72433333 0.01144812 < . 0 0 0 1 
1 0 0.40466667 0.01144812 < . 0 0 0 1 
2 0 0.48466667 0.01144812 < . 0 0 0 1 
3 0 0.52833333 0.01144812 < . 0 0 0 1 
40 0.53166667 0.01144812 < . 0 0 0 1 
5 0 0.55300000 0.01144812 < . 0 0 0 1 
6 0 0. 57266667 0.01144812 < . 0 0 0 1 
1 0 0. 59466667 0.01144812 < . 0 0 0 1 
8 0 0.63200000 0.01144812 < . 0 0 0 1 
9 0 0. 65266667 0.01144812 < . 0 0 0 1 
1 0 0 0.70433333 0.01144812 < . 0 0 0 1 
1 1 0 0.75133333 0.01144812 c.0001 
1 2 0 0.79100000 0.01144812 c.0001 
1 3 0 0. 84033333 0.01144812 < . 0 0 0 1 
4 1 0 0. 38133333 0.01144812 < . 0 0 0 1 
4 2 0 0.46333333 0.01144812 < • 0 0 0 1 
4 3 0 0.49900000 0.01144812 < . 0 0 0 1 
4 40 0.53400000 0.01144812 < . 0 0 0 1 
4 5 0 0. 55366667 0.01144812 < . 0 0 0 1 
4 6 0 0. 58200000 0.01144812 < . 0 0 0 1 
4 1 0 0.64033333 0.01144812 < . 0 0 0 1 
4 8 0 0.63966667 0.01144812 < . 0 0 0 1 
4 9 0 0.68533333 0.01144812 < . 0 0 0 1 
4 1 0 0 0.72866667 0.01144812 < . 0 0 0 1 
4 1 1 0 0. 75400000 0.01144812 < . 0 0 0 1 
4 1 2 0 0.16433333 0.01144812 < . 0 0 0 1 
4 1 3 0 0.84100000 0.01144812 < . 0 0 0 1 
